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MESSAGE  FROM  THE  DIRECTOR 

On  behalf  of  the  U.S.  Army  Communications-Electronics  Command  (CECOM)  and 
the  symposium  committee,  welcome  to  the  31st  Annual  International  Wire  and  Cable 
Symposium  (IWCS).  The  symposium  continues  to  command  the  attention  of  a  world¬ 
wide  audience  of  manufacturers,  consultants,  scientists,  material  suppliers 
and  end  product  users.  Last  year’s  attendance  of  1574  included  representatives 
from  429  U.S.  companies,  10  U.S.  government  agencies  and  38  foreign  countries. 

Of  the  234  foreign  attendees,  31  presented  papers. 

The  response  to  the  "Call  For  Papers"  was  excellent  this  year  as  demonstrated 
by  the  large  number  (59)  .  f  papers  included  in  the  technical  program.  The 
program  will  begin  with  a  tutorial  session  "Fiber  Optics  and  Metallic  Cables- 
Partners  or  Competitors"  followed  by  ten  (10)  other  sessions  addressing  a  wide 
spectrum  of  technical  topics  related  to  wire/cable  and  interconnections. 

The  objective  of  the  IWCS  committee  is  for  the  symposium  to  remain  a 
reflection  of  the  needs  and  interest  of  its  attendees  and  supporters.  Towards 
this  objective,  the  committee's  concern  is  for  the  technical  program  to  include 
topics  of  pertinent  interest  to  wire,  cable,  materials  and  connector  manufacturers/ 
users  including  fiber  optics.  For  a  particular  year,  any  topical  area  may  dictate 
by  abstracts  submitted,  that  a  large  part  of  the  technical  program  address  a 
specific  topic.  Over  the  years  it  is  hoped  that  the  program  agenda  will  present 
a  balance  of  the  technical  interest  desired  by  its  attendees  and  supporters. 

At  all  times  the  program  will  Le  a  reflection  of  the  current  interests  as  in¬ 
dicated  by  the  response  to  the  "Cail  For  Papers,"  which  presently  shows  a  high 
interest  in  fiber  optics. 

Over  the  years,  the  Director  and  committee  members  received  many  requests 
or  suggestions  from  various  attendees  to  relocate  the  symposium.  After  many 
years  of  considering  the  pros  and  cons  of  moving  to  another  location,  the  com¬ 
mittee  has  decided  to  hold  the  33rd  symposium  (1984)  in  Reno,  Nevada.  It 
should  be  noted  that  for  the  present,  the  move  is  on  a  trial  basis  for  one 
year.  The  32nd  symposium  (1983)  will  remain  in  Cherry  Hill,  New  Jersey.  Symposium 
attendees  will  be  informed  well  in  advance  of  any  future  changes  in  location. 

Committee  members,  Leo  Chattier  of  the  DCM  International  Corporation,  and 
William  Korcz  of  the  Shell  Development  Company,  are  retiring  from  the  committee. 

Leo  and  Bill,  by  their  efforts  and  specialized  knowledge,  contributed  signifi¬ 
cantly  to  the  success  of  the  symposium.  On  behalf  of  the  committee,  I  thank  them 
for  their  valuable  contribution  and  wish  them  success  in  their  future  activities. 


The  committee  continues  to  explore  new  ideas  for  improving  the  activities 
of  the  symposium,  therefore,  the  committee  solicits  the  continued  support  of 
all  members  of  the  wire  and  cable  industry.  Your  comments  and  suggestions  for 


improving  the  symposium  are  welcomed. 


?lL,-?CnU~ 

BtMER  F.  GODWIN 
^''Director,  IWCS 
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Highlights  of  the  30th 
International  Wire  and  Cable  Symposium 
November  17,  18  &  19,  1981 
Hyatt  Cherry  Hill,  Cherry  Hill,  NJ 


Greetings  by  Dr  James  Soos. 

Director  of  CENCOMS.  U  S 
Army  Cornmumcations-Electromcs 
Command  (CECOMi.  Fort  Monmouth. 
New  jersey 


r 
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Panel  Members  •  Tutorial  Session 

ilott  to  nghn  Dr  D  Duke.  V  P  .  Telecommunications  Division. 
Corning  Glass  Works.  Dr  R  Y  Hung.  Manager  Optical 
Technologies  Research  Division.  Thomas  J  Watson  Research 
Center.  Dr  I  Jacobs.  Director,  Wideband  Transmission 
Facilities  Laboratory.  Bell  Laboratories.  Mr,  J  Kanely.  Presi¬ 
dent.  Valtec  Corporation 

Or  L  Dworkin.  Chief.  Multichannel  Transmission  Division 
CENCOMS  Fort  Monmouth 


m 
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Dr  James  Soos.  Director.  CENCOMS.  Eort  Monmouth,  presen¬ 
ting  Retirement  Certificate  to  Committee  Member.  Michael  A 
DeLuca 


Mr  M  DeLucia,  David  W  Taylor  Naval  Ship  R&D  Center, 
presenting  the  award  for  Outstanding  Technical  Paper  to  Mr 
Paul  Kish.  Northern  Telecom  Canada  Ltd  .  and  ibottomi  for 
Best  Presentation  to  Mr  James  Ref i  Bell  Laboratories 


I  HYATT 

Cherry  hut 


Banquet  Guest  Speaker  Major  General  E  J  Delaune  Jr . 
Director.  Army  Budget.  Office  of  the  Comptroller  of  Army 


Brigadier  General  R  B  Morgan  Deputy  Commanding  General 
for  Research  and  Dovolopmen]  CECOM  Fort  Monmouth  offer 
mq  greetings  at  the  banquet 
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AWARDS 


Outstanding  Technical  Paper 

Best  Presentation 

H.  Lubars  and  J.  A.  Olszewski.  General  Cable 
Corp—  'Analysis  of  Structural  Return  Loss  in 
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This  paper  covers  a  study  of  insulation  defects 
and  a  system  that  will  dynamically  measure  them. 
The  system  uses  a  planar  probe  which  is  elec¬ 
tronically  adjusted  to  be  two  dimensional, 
normal  to  the  path  of  the  wire.  The  system  con¬ 
sists  of  two  sets  of  user-set  progranmable  com¬ 
parators  which  allows  the  defects  to  be  classi¬ 
fied  into  three  categories:  pinholes,  faults  and 
bare  wire. 

The  system  cbunts  and  displays  the  number  of 
each  category  of  defect  that  appears  on  a  reel 
of  product.  Also  displayed  is  the  length  of  the 
last  defect  encountered,  the  length  of  the 
product  produced,  the  velocity  of  the  production 
operation  and  the  voltage  applied  to  the  probe. 

All  information  displayed  is  available  in  binary 
coded  decimal  format  to  allow  for  data  acquisi¬ 
tion.  This  system  may  be  used  on  any  insulated 
conductor  or  group  of  conductors.  Verification 
methods  and  accuracy  results  are  included. 


to  detect  and  classify  defects  in  insulated  wire 
by  the  manufacturer.  The  state  of  the  art  on  wire 
test  systems  remained  static  for  many  years  pri¬ 
marily  due  to  the  excellent  quality  of  the  test 
systems  produced  by  the  test  set  manufacturers. 

The  basic  test  system  used  to  assure  the  insula¬ 
tion  quality  of  telephone  wire  consisted  of  a  set 
of  two  power  supplies  and  three  distinct  beaded 
chain  electrodes. 


a  DETECT  w  the  wsulatoh  nswc  the  beaded  cmam 

ELECTRODE  OF  VCLTAGE5  SOLRCE  •  f  WILL  GROUHO  THROUGH 
TW  wm  «MD  GIVE  THE  INDIOETIOM  OF  A  FAULT  IF  THE  DEFECT 
S  ONE  IHCH  OR  MORE  *5  IT  PASSES  THROUGH  THE  BEADED 
CHARI  PROBES  OF  VOLTAGE  SOUICE  •  2  TT  WILL  COMPLETE  THE 
ORCurr  ARC  GIVE  THE  HOICATON  OF  A  BARE  WIRE. 


BACKGROUND 

Since  antiquity,  the  requirement  that  the  insula¬ 
tion  be  continuous  on  telephone  wire  has  remained 
unchanged.  This  has  been  further  clarified  to 
state  that  if  the  insulation  or  lack  of  insulation 
will  pass  a  current  from  a  relatively  high  voltage 
to  the  conductor,  an  insulation  defect  exists. 
These  electrical  insulation  defects  were  classi¬ 
fied  into  two  categories: 

1.  Bare  Wire  -  A  defect  that  renders  the  wire 

unusable  and  defined  as  an 
insulation  defect  one  inch  or 
greater  in  length. 

2.  Fault  -  A  serious  defect  that  by  it¬ 

self  does  not  render  the  wire 
unusable  and  defined  as  an 
insulation  defect  less  than 
one  inch  in  length. 

It  is  virtually  impossible  to  make  perfect  wire  in 
extremely  large  quantities  over  a  continuous 
period.  The  requirement  would  allow  no  bare  wire; 
but,  depending  on  the  use  of  the  wire,  a  small 
number  of  faults  would  be  acceptable  over  a  given 
length.  This  definition  and  these  requirements 
were  based  upon  a  trade  off  of  the  needs  for 
quality  by  the  telephone  companies  and  the  ability 


Figure  1 


The  use  of  free  swinging  beaded  chains  dictated  a 
minimum  separation  of  1”  between  the  electrode 
parts  of  the  bare  wire  detector  probe.  This  elim¬ 
inated  the  possibility  of  beaded  chains  from  one- 
half  the  probe  coming  in  contact  with  the  other 
half,  thereby  giving  a  false  indication  of  bare 
wi  re. 

During  the  period  of  the  late  1970 ‘ s ,  it  was  noted 
that  there  was  a  large  number  of  field  complaints 
due  to  wire  shorting  to  the  bays  in  which  it  was 
installed.  A  study  of  these  defects  revealed  that 
the  vast  majority  of  them  were  under  one  inch  but 
over  1/4  inch.  At  this  time,  it  seemed  apparent 
that  the  requirements  were  not  sufficient  to  meet 
the  quality  desired  by  the  telephone  companies. 

The  following  plan  was  initiated  to  improve  the 
quality  of  the  loose  wire  and  to  meet  the  actual 
requi  rements  of  the  users : 

1.  Determine  the  actual  defects  that  are 
produced  in  the  wire  by  the  production 
process. 
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2.  Develop  a  test  set  more  sensitive  to  the 
size  of  the  defect. 

3.  Develop  requi rements  that  meet  the  needs 
of  the  telephone  companies. 

STUDY  OF  ACTUAL  DEFECTS 

The  study  of  actual  defects  was  necessary  to  deter¬ 
mine  the  existing  process  capability  and  to  allow 
a  cost  estimate  of  tighter  requirements.  The 
amount  of  process  conformance  scrap  generated  by 
these  requirements  would  have  to  be  added  to  the 
cost  of  the  product  produced. 

The  frequency  of  defects  per  thousand  conductor 
feet  of  wire,  separated  into  defects  under  one 
inch  (faults)  and  defects  one  inch  or  over  (bare 
wire)  was  a  known  factor.  Records  on  these  defects 
are  maintained  for  each  production  operation.  This 
information,  although  valuable,  does  not  give  the 
complete  picture  required  for  this  investigation. 
The  exact  size  of  the  defects,  as  well  as  their 
placement  on  the  reel,  was  also  desired. 

To  determine  both  these  factors,  a  physical  measure¬ 
ment  of  all  defects  and  their  position  in  the  reel 
would  be  necessary.  To  gather  all  the  data  deemed 
necessary,  the  following  ground  rules  were  used: 

1.  The  study  would  be  restricted  to  loose 
irradiated  wire  which  was  the  primary 
product  of  interest. 

2.  The  study  would  be  done  subsequent  to 
irradiation  but  prior  to  coiling.  The 
plastic  undergoes  a  physical  change  to 
final  form  at  irradiation.  The  wire 
would  be  on  reels  at  this  point  which 
would  facilitate  handling.  At  coiling, 
the  wire  would  be  in  loose  coils. 

3.  Approximately  five  million  feet  of  product, 
apportioned  by  gage  and  type  of  wire  would 
be  examined.  This  would  equate  to  one  reel 
per  pallet  produced  during  the  period  of 
the  study. 

4.  One  repair  rewinder  would  be  modified  and 
dedicated  for  the  period  of  the  study. 

5.  The  equipment  used  would  inc'ude: 

a.  One  wire  rewinder. 

b.  One  test  set  with  beaded  chain 
electrodes . 

c.  A  modification  to  the  above  equip¬ 
ment  that  would  stop  the  rewinder 
at  any  defect  that  was  encountered. 

d.  A  100  volt,  direct  current,  source 
connected  to  a  hand-held  wand  for 
pinpointing  the  defect. 


Equipment  Used  for  Study 
Figure  2 

6.  Each  defect,  when  pinpointed,  would  be 
measured  to  the  closest  1/16  of  an  inch 
or  classified  as  a  pinhole,  if  not  visible 
to  the  unaided  eye.  These  measurements 
would  be  recorded  along  with  its  length 
from  the  outside  end  of  the  reel.  In 
addition,  the  product  type,  gage,  total 
length  of  product  on  the  reel,  and  forma¬ 
tion  of  product;  i.e.,  single,  wir,  or 
triple  wire  would  be  recorded. 

This  study  was  done  by  the  statistical  quality  con¬ 
trol  organization  and  was  restricted  to  first  shift 
operation  to  allow  for  engineering  audit. 

The  results  are  summarized  in  Figure  3.  Since  a 
majority  of  the  defects  are  too  small  to  be 
measured,  they  were  placed  in  a  separate  category 
entitled  "Pinholes." 
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PRODUCT 

gage 

NUMBER 

OF  REELS 

TOTAL 

FOOTAGE 

DP-2 

22 

37 

806,400 

DP-2 

24 

28 

736,000 

DP-2 

26 

31 

493,500 

DT 

20 

17 

241,000 

DT 

22 

51 

2,084,200 

DM 

24 

30 

1  ,297  ,200 

DW 

26 

8 

794,000 

TOTALS 

202 

6,452,300 

PINH0LE_S 

DEFECTS 

FAULTS 

BARE  WIRE 

458 

54 

0 

61 

0 

0 

25 

0 

2 

55 

2 

2 

256 

10 

9 

174 

34 

2 

45 

5 

_l_ 

1 ,074 

105 

16 

Figure  3 

From  Figure  3,  it  can  be  seen  that  the  defect  per 
thousand  conductor  feet  was  at  a  rate  of  0.1852  or 
approximately  one  defect  per  5000  feet  of  wire 
produced.  A  percentage  of  the  total  number  of 
defects  falling  into  each  classification  is 
shown  in  Figure  4. 


Type  of  Defect 


Percentage  of  Total 


Pinhole 
Fault 
8a re  Wire 


89.87 

8.79 

1.34 


Figure  4 


A  breakdown  of  the  defects  by  actual  size  can  be 
seen  in  the  following  bar  chart.  (Figure  5) 


Figure  5  shows  a  vast  majority  of  the  defects  are 
extremely  small.  There  would  be  virtually  no 
noticeable  increase  in  product  conformance  cost  by 
reducing  the  definition  of  a  bare  wire  to  "an 
electrical  defect  where  copper  conductor  is  visible 
to  the  unaided  eye  and  one  quarter  of  an  inch  or 
greater  in  length."  This  would  change  the  percent¬ 
age  of  defects  falling  into  each  classification  as 
shown  in  Figure  6. 


Percentage 

Type  of  Oefect  of  Total 


Increase 


Pinhole  89.87 
Fault  8.28 
Bare  Wire  1 .85 


0 

(0.51) 

0.51 


Figure  6 


Over  30?  of  the  defects  appear  in  either  the  first 
or  last  100  feet  of  the  reel.  This  wire  will 
normally  be  removed  from  the  reels  as  remnants 
prior  to  the  final  coiling  operation  and  will 
further  reduce  the  effect  of  the  tighter  require¬ 
ments  . 


J.  INTO  REEL 


Figure  5 


Figure  7 
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The  results  of  this  study  will  allcw  the  tinhten- 
inq  of  requirements  on  loose  wire.  The  new 
requirements  will  reduce  the  problems  encountered 
by  the  users  due  to  distributing  frame  wire  shorts, 
[n  addition,  if  the  new  requirements  recognize 
the  pinhole  as  distinct  from  the  fault,  a  sub¬ 
stantial  savings  could  be  realized  which  would 
help  offset  the  ever-increasing  cost  of  manufac¬ 
turing  this  product.  This  savings  would  flow 
through  to  the  customer  by  holding  future  increases 
in  prices. 

Contact  was  made  with  the  Product  Engineering 
Control  Center  (PECC)  to  coordinate  a  set  of  new 
requirements  for  loose  irradiated  wire.  The  up¬ 
dated  requirements  would  have  to  meet  the  needs  of 
the  telephone  companies  and  the  users  within 
Western  Electric  as  well  as  receive  the  approval  of 
the  Bell  Telephone  Laboratories  (BTL).  Studies  by 
both  PECC  and  BTL  confirmed  what  had  been  gleaned 
from  the  field  installers.  Over  95"  of  the  prob¬ 
lems  encountered  in  loose  wire  by  the  users  were 
the  result  of  defects  in  the  insulation  in  excess 
of  1/4  inch.  No  known  problems  were  associated 
with  pinholes. 


METH0DS_  OF  MEETING  NEW  REQUIREMENTS 

Normal  methods  of  detectinq  the  defects  would  be 
used  in  this  system.  In  brief,  a  voltage  would  be 
applied  to  the  product  and  when  a  defect  was 
present  a  current  would  flow  from  the  probe  ChrOi/.r 
the  wire  to  ground.  A  current-controlled  device, 
a  switchino  transistor,  would  detect  the  current 
to  show  the  defect. 

The  initial  design  specifications  prinarily  were  tc 
measure  defects  to  within  one-tenth  of  an  inch. 

This  measurement  would  allow  separation  of  the 
defects  into  one  of  the  three  categories.  Using 
the  measurement  portion  of  the  system,  the  length 
of  the  product  produced  is  known  and  integration 
of  this  length  over  time  yields  the  velocity  of 
the  wire.  The  voltage  applied  to  the  product  is 
variable  to  allow  for  different  gages  and  insula¬ 
tion  types. 

Length  would  be  measured  by  contact  means,  that  is, 
a  very  accurately  constructed  wheel  with  known 
circumference.  The  wire  or  wires  would  pass  around 
the  wheel  and  each  rotation  or  portion  of  rotation 
could  be  detected. 


BTL  and  the  users  of  this  wire  were  in  accord  with 
Western  Electric  manufacturing  in  changing  the 
definition  of  a  fault  from  a  defect  in  the  insula¬ 
tion  with  a  length  under  one  inch  to  a  defect  in 
the  insulation  wiih  a  length  under  1/4  inch.  The 
definition  of  a  pinhole  was  added  at  the  product 
engineer's  insistance  to  allow  a  closer  shop  con¬ 
trol  on  the  extrusion  process.  The  definitions 
agreed  upon  were: 

Pinhole  -  A  defect  in  the  insulation  where 
the  conductor  is  not  visible  to 
the  unaided  eye. 

Fault  -  A  defect  in  the  insulation  where 
conductor  is  visible  to  the  un¬ 
aided  eye  but  less  than  1/4  inch 
in  length. 

Bare  Wire  -  A  defect  in  the  insulation  where 
conductor  is  visible  to  the  un¬ 
aided  eye  equal  t.0  or  greater  than 
1/4  inch  in  length. 

To  facilitate  the  implementation  of  the  new  require¬ 
ment  on  bare  wire,  BTL  and  PECC  offered  Western 
Electric  a  more  liberal  amount  of  smaller  defects 
allowed  per  unit  length  of  wire.  This  would  help 
offset  the  cost  of  implementing  these  new  require¬ 
ments.  The  new  requirements  would  not  go  into 
effect  until  such  time  as  Western  Electric  could 
develop  the  test  equipment  necessary  to  assure 
PECC  that  these  new  requirements  would  be  followed. 

The  proposed  definitions  stated  above  were  a  first 
approximation  compromise  between  what  the  user 
wanted  and  what  was  believed  possible  for  a  pro¬ 
duction  operation.  A  decision  was  made  that  the 
point  of  separation  between  a  pinhole  and  a  fault, 
as  well  as  a  fault  and  a  bare  wire,  should  be  pro¬ 
grammable  in  the  test  set.  Thus,  the  test  system 
could  remain  a  viable  unit  as  the  extrusion 
process  improved  and  the  requirements  changed  over 
the  foreseeable  future. 


The  current  flow  between  the  probe  and  the  wire 
exists  whenever  the  defect  is  within  the  probe. 

This  limits  the  accuracy  of  the  system  to  the 
thickness  of  the  probe  normal  to  the  wire.  The 
width  of  the  probe  must  approach  a  two-dimensional 
plane. 

THE  PLANAR  PROBE 

To  develop  a  probe  which  approached  a  plane,  there 
were  constrictions  from  two  sides.  On  one  hand, 
the  probe  had  to  be  extremely  thin  so  as  to  reduce 
as  much  of  the  design  error  as  possible.  On  the 
other  hand,  it  had  to  be  thick  enough  to  provide 
physical  strength  to  withstand  everyday  use  includ¬ 
ing  current  burn  when  large  defects  passed  through 
it,  as  well  as  the  constant  friction  of  the  wire. 

This  unit  would  have  to  be  fairly  flexible.  The 
probe  must  encircle  the  product  at  the  closest 
proximity  from  single  26  gage  wire  up  to  four 
twisted  19  gage  wires.  In  addition,  the  unit  must 
be  shop  usable;  that  is,  easy  to  string  up  for  the 
operator  and  easily  maintained. 

Among  the  methods  studied,  the  one  chosen  consisted 
of  four  select  fingers  taken  from  a  number  four 
crossbar  small  switch.  These  sp-ing  fingers  are 
constructed  of  .022"  diameter  stainless  spring  wire 
and  are  approximately  2  inches  long  with  a  coiled 
spring  section  approximately  3/8"  long  on  one  end. 

A  dampening  spring  is  used  to  maintain  better 
contact  with  the  wire  being  tested.  The  fingers 
are  set  90°  apart  to  provide  an  encirclement  of  the 
wire  by  placing  one  finger  on  each  quadrant  of  the 
wire. 

Each  spring  finger  is  set  to  be  overcompensated  so 
that  it  will  contact  even  the  smallest  gage  wire 
to  be  tested.  This  overcompensation  will  also 
accommodate  a  slight  misalignment  as  well  as  wire 
vibration.  The  spring  action  will  allow  a  knot, 
when  one  reel  of  wire  is  tied  to  the  next,  to  pass 
through  the  probe  without  damaging  it. 
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To  facilitate  string-up,  one-half  of  the  probe  is 
fixed  and  the  other  half  is  attached  to  the  probe 
box  door.  When  the  probe  is  opened,  the  top  half 
is  moved  away  from  the  path  of  the  wire.  A  slot 
in  both  sides  of  the  probe  box  allows  the  wire  to 
be  easily  seated  in  the  probe. 

The  probe  box  is  constructed  of  polycarbonate 
plastic  to  provide  a  more  than  adequate  dielectric 
strength  to  protect  the  operator  from  the  high 
voltage.  The  polycarbonate  which  is  transparent 
will  allow  a  visual  examination  of  the  status  of 
the  probe  with  respect  to  the  product. 


Planar  Probe 
Figure  8 

LENGTH  AND  VELOCITY  MEASUREMENTS 

The  measurement  of  length  is  made  by  running  the 
wire  around  a  wheel  with  a  two-foot  circumference 
adjusted  for  a  22  gage  wire.  The  wheel  is  con¬ 
nected  to  an  electro-optical  transducer  by  means  of 
two  timing  belt  pulleys  and  a  timing  belt.  The 
electro-optical  transducer  produces  1000  pulses  per 
revolution  and  the  pulleys  provide  a  ratio  of  6:12 
which  results  in  an  output  of  I 200  pulses  per  foot 
or  100  pulses  per  inch.  This  signal  is  provided 
to  a  gated  circuit  which  is  controlled  by  a  current 
flow  signal  from  the  probe.  When  a  defect  is 
detected  by  the  probe,  the  pulse  train  from  the 
transducer  is  released  and  counted.  The  count  is 
the  length  of  the  defect  in  hundredths  of  an  inch. 

The  transducer  signal  is  also  supplied  to  a  divider 
circuit.  One  function  of  this  circuit  is  to 
divide  the  pulse  train  by  1200.  The  resulting 
signal  is  the  length  of  product  produced  in  feet. 
The  other  function  of  the  divider  circuit  is  to 
divide  the  incoming  pulse  train  by  12,  thereby 
producing  100  pulses  per  foot  to  the  velocity 
circuit.  The  velocity  circuit  consists  of  a  one 
megahertz  crystal  oscillator  and  a  divide  by 
600,000  subcircuit  to  produce  an  accurate  one 
hundreth  of  a  minute  signal.  The  100  pulses  per 
foot  input  are  counted,  latched  and  displayed  by 


the  one  hundredth  of  a  minute  signal  giving  the 
velocity  display  in  feet  per  minute. 

DEFECT^  DETECTI  ON 

The  voltage  supplied  to  the  probe  is  variable  from 
0  to  6000  volts  to  allow  for  all  sizes  of  wire  and 
insulation.  This  is  accomplished  by  a  variable 
transformer  on  the  input  side  to  the  high  voltage 
power  supply. 


o  good 

TC  PLANER  PROBE 


DEFECT 

SIGNAL 


Detection  Circuit 
Figure  9 

The  current  flow  signal  is  taken  from  the  positive 
or  ground  side  of  the  high  voltage  power  supply. 
This  side  of  the  high  voltage  power  supply  is  held 
above  around  by  a  variable  resistor  which  is  used 
to  control  the  sensitivity  of  the  detector.  This 
defect  signal  is  supplied  to  the  base  of  a  switch¬ 
ing  transistor. 

When  current  flows  in  the  circuit,  the  transistor 
is  turned  on  hard.  The  transistor  output  signal  is 
very  noisy  and  not  acceptable  as  a  digital  signal. 
The  signal,  therefore,  is  treated  by  succeeding 
Schmidt  triggers. 


Raw  Signal  Conditioning 


Figure  10 
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SIGNAL  CORRECTION 

In  the  initial  test  stage  of  the  prototype  prove¬ 
in,  a  large  constant  error  in  defect  length  was 
noted.  Defects  being  measured  by  the  unit  were 
approximately  1/4  inch  larger  than  actual  site. 
Close  observation  of  the  probe  as  the  defects 
passed  it  revealed  that  the  arc  reaches  out  to 
the  defect  prior  to  the  defect  reaching  the  probe 
and  the  arc  persists  until  the  defect  is  past  the 
probe. 


Arc  Length  Error 
Figure  11 


The  measurement  of  the  defect  is  the  length  of 
the  arc.  The  arc  is  in  error  by  the  length  of  the 
prefiring  of  the  arc,  the  width  of  the  probe  and 
the  persistence  of  the  arc  after  the  probe.  The 
above  error  remained  constant  within  i  0.03 
inches  for  fixed  hardware.  Therefore,  a  circuit 
was  designed  to  allow  for  a  subtracting  of  this 
error.  The  corrected  defect  length  is  then 
supplied  to  the  defect  length  display. 


UNCORRCCTCO 

DEFECT 

LENGTH 


CORRECTED 

oerecr 

LENGTH 


Arc  Length  Correction  Circuit 


Figure  12 


It  must  be  noted  that  the  total  arc  length  error 
will  vary  if  either  the  probe  or  the  high  voltage 
supply  is  changed. 

VARIABLE  DEELCT  SEPARATION 

The  corrected  defect  length  is  supplied  from  the 
display  to  a  defect  length  comparator.  The  com¬ 
parator  also  receives  data  f-om  two  sets  of  pre¬ 
sets:  (1)  separation  point  between  pinhole  and 
fault  and  (2)  separation  point  between  fault  and 
bare  wire.  Since  the  defect  length  is  being  dis¬ 
played  while  it  is  being  measured,  the  displayed 
length  will  be  increasing  from  2ero  to  the  final 
measurement.  During  the  period  that  the  defect  is 
smaller  than  the  separation  point  between  a  pin¬ 
hole  and  fault,  the  comparator  will  indicate  a 
pinhole  and  when  the  display  is  within  the  area  of 
a  fault,  a  fault  will  be  indicated.  Therefore, 
when  the  defect  is  a  bare  wire,  a  pinhole  will 
first  be  indicated;  then  the  pinhole  indication 
will  be  removed  when  the  length  is  in  the  fault 
area  and  a  fault  will  be  indicated.  When  the 
separation  point  between  a  fault  and  a  bare  wire 
is  passed,  the  fault  indication  will  be  removed 
and  a  bare  wire  indication  will  result.  The  unit 
is  completely  asynchronous  to  allow  for  high  speed 
flow-through  of  defect  indications.  If  the  defects 
were  counted  from  the  comparator  one  pinhole,  one 
fault  and  one  bare  wire  would  be  indicated  for  each 
bare  wire.  A  pinhole  and  a  fault  would  be  indi¬ 
cated  also  for  each  fault  measured.  To  eliminate 
the  above,  a  retriggerable  multivibrator  was  used. 
The  negative  edge  of  the  positive  defect  signal 
produces  a  delayed  pulse  which  counts  the  final 
state  of  the  comparator  circuit. 
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THE  ARCVE  TIMING  DIAGRAM  SHOWS  IA)  THE  LENGTH  COUNT 
PlA.SE  TRAIN  EACH  PULSE  001  INCH  |B>  DETECT  SIGNAL 
1C)  DEFECT  LENGTH  -  .13  INCHES  (01  COMPARATOR  OUTPUT 
SIGNALS  WITH  PlHHOtl  MAXIMUM  OJ  INCHES  FAULT 
MAXIMUM  *0  INCHES  {t\  DEFECT  COUNT  PULSE  FIRED  ON 

trailing  Eoge  of  defect  signal  this  will  result  in 
The  bare  wire  count  being  advanced  BY  one 


Figure  13 
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DEFECT  COUNTING 

A  separate  count  of  eaui  type  of  defect  must  be 
maintained  to  determine  the  acceptability  and 
quality  of  each  reel  of  wire.  Output  information 
must  be  available  not  only  whenever  a  bare  wire 
is  detected  but  also  for  a  predetermined  number  of 
faults  or  a  predetermined  number  of  pinholes.  The 
pinhole  and  fault  count  data  is  supplied  to 
separate  comparators  which  are  also  supplied  with 
adjustable  presets  of  the  number  of  pinholes  and 
faults  that  are  acceptable  within  a  reel.  This 
provides  a  reject  signal  of  110  V  AC  whenever  a 
bare  wire  or  an  unacceptable  number  of  either  pin¬ 
holes  or  faults  exist  on  a  reel.  This  signil  can 
be  used  to  either  stop  the  process  or  alert  the 
operator  to  the  status  of  the  reel  of  product. 

A  "length  stop"  signal  is  also  available  for  use 
to  stop  or  automatically  change  the  take-up  reel 
and  can  be  used  for  an  automatic  reset  of  the 
stored  data.  Any  combination  of  the  (1)  length 
stop,  (2)  bare  wire  reject,  (3)  fault  reject  or 
(4)  pinhole  reject  can  be  selected  by  switches  to 
activate  the  110  V  AC  output  signal.  In  addition, 
the  pinhole  and  fault  reject  can  be  user  set  from 
0  to  99. 

TEST  SYSTEM  OUTPUTS 

All  information  gathered  by  this  system  is  avail¬ 
able  in  binary  coded  decimal  format  on  a  real 
time  basis  on  one  data  plug.  Also  available  on  a 
real  time  basis  are  signals  for  either  a  pinhole, 
fault,  or  a  bare  wire  to  allow  for  a  data  acqui¬ 
sition  unit  to  record  type  of  defect  and  footage 
on  the  reel  to  simplify  repair. 


RESULTS 


Final  Packaged  Unit 

The  final  unit  consists  of  three  parts:  (1)  the 
wire  measuring  apparatus,  (2)  the  high  voltage 
planar  probe  and  (3)  the  logic  and  power  supply 
unit. 


MW 


LOGIC  AND  KWER 
SUPPLY  UNIT 


Electrical  Insulation  Defect  Test  Set 
Figure  15 

The  wire  measuring  apparatus  as  described  under 
"Length  and  Velocity  Measurements"  consists  of  a 
two-foot  circumference  measuring  wheel,  gear  and 
timing  belts,  and  an  electrical  optical  transducer 
which  converts  the  measured  length  to  a  digital 
signal  for  use  by  the  logic  power  supply  unit. 

The  planar  probe  is  6"  x  6"  x  4"  in  size  and 
supplied  with  high  voltage  from  the  logic  and 
high  voltage  supply  unit.  A  high  voltage  inter¬ 
lock  system  is  included  to  remove  the  voltage  from 
the  probe  if  the  unit  is  opened. 

The  logic  and  power  supply  unit  is  approximately 
18"  x  18"  x  8"  in  size.  This  unit  contains  all  the 
controls  and  presets  of  the  system.  The  only  con¬ 
trols  readily  available  to  the  operator  are  the 
footage  preset,  power  "on"  button  and  the  reset 
button . 

The  internal  controls  are:  pinhole  to  fault 
separation,  fault  to  bare  wire  separation,  arc 
length  preset,  pinholes  allowable,  faults  allow¬ 
able,  sensitivity,  local/remote  reset,  length 
stop  on/off,  pinhole  reject  on/off,  fault  on/off, 
bare  wire  reject  on/off,  output  stop  on/off,  and 
voltage  setting. 
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Top  View  of  Logic  and  Power  Supply  Unit 
Figure  16 

ARC  LENGTH  ADJUSTMENT 

The  arc  length  error  is  dependent  upon: 

1.  The  high  voltage  supply 

2.  The  current  limiting  components 

3.  The  probe  architecture 

4.  The  interconnecting  circuitry 

Rather  than  attempting  to  measure  the  effect  of 
each  portion  separately,  it  was  easier  to  deter¬ 
mine  the  total  error.  Several  reels  Of  20  Gage 
steel  wire  with  copper  coating  were  prepared  with 
hand  produced  defects  of  known  lengths  at  known 
intervals.  The  arc  correction  was  set  at  zero 
and  these  sample  reels  were  tested  on  the  system. 
The  actual  lengths  of  the  defects  were  compared 
to  the  system  measured  length  and  from  this  a 
correction  was  obtained.  This  error  was  then 
applied  at  the  arc  correction.  The  sample  reels 
were  again  run  and  the  errors  plotted.  The  actual 
defects  ran  the  range  from  0  to  2.00  inches  in 
0.1  inch  increments.  Approximately  thirty  of  each 
size  defect  were  used.  The  worst  case  error  was 
0.11  inches  with  the  average  being  0.06  inches. 

The  error  increased  proportionately  to  the  length 
of  the  defect.  This  was  expected  since  the  longer 
the  arc  was  held  the  greater  the  heat  produced  by 
the  current  flow. 

VERIFICATION 

On-line  verification  and  prove-in  of  individual 
units  does  not  require  the  above  procedure.  In 
most  instances,  the  area  of  primary  consideration 
is  the  point  of  separation  between  the  fault  and 
bare  wire.  This  is  the  point  at  which  maximum 
accuracy  is  desired.  With  the  system  instal led  and 
the  arc  correction  set  to  0.00  a  measured  defect 
is  placed  on  the  product.  This  defect  is  then 
run  through  the  system.  The  defect  measurement 
displayed  in  the  defect  length  window  is  then 
compared  to  the  actual  length  to  produce  the  arc 
correction.  In  actuality,  this  should  be  accom¬ 
plished  approximately  ten  times  and  an  average 
used.  In  addition,  the  standard  deviation  should 
be  calculated  to  provide  the  accuracy  of  the 


installed  system. 

At  the  Omaha  Works,  the  arc  correction  is  deter¬ 
mined  around  the  area  of  0.25".  The  arc  correc¬ 
tions  vary  on  these  units  from  0.09"  to  0.23"  with 
the  average  at  0.17".  All  systems  are  verified 
to  an  accuracy  of  approximately  0.06". 

All  test  systems  at  Omaha  are  being  verified  once 
a  month.  Results  recorded  proved  that  this  was 
not  necessary  and  that  once  a  quarter  would  be 
more  than  sufficient.  It  should  be  noted  that 
scheduled  verification  of  the  units  will  not 
suffice  if  components  are  chanqed.  Any  change  in 
components  requires  a  reverification  of  the  unit 
prior  to  the  systems  being  used  for  production. 
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ACTUAL  LENGTH  (INCHES) 

VERIFICATION  PLOT  ARC  CONRECTDN  SET  TO  OIT  INClCS 
APPRQXINATLY  40  READINGS  USED  TON  ALL  POINTS  ONE 
HALF  INCH  ANO  ABOVE  60  READINGS  USED  FOR  ALL 
OTHER  POINTS. 

Figure  17 

USES 

The  system  is  designed  to  measure  and  detect 
defects  accurately  over  a  range  of  speeds  from 
zero  to  ten  thousand  feet  per  minute.  At  the 
higher  range  of  this  speed,  defects  not  separated 
by  approximately  1/4  inch  will  be  counted  as  a 
single  defect. 

In  addition,  this  system  can  be  used  with  any  type 
of  wire  regardless  of  insulation.  Presently,  the 
unit  is  used  only  on  irradiated  polyvinyl  chloride 
insulated  wire  at  Qnaha.  Although  as  more  units 
are  constructed,  dual  insulated  polyethylene  wire 
will  be  included.  The  use  on  IPVC  wire  has  proved 
extremely  successful  on  not  only  single  wires  but 
also  on  up  to  four  wires  twisted  tooether. 
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Unit  installed  on  toiler 
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IMAGE  ANALYSIS,  MICROSCOPIC,  AND  SPECTROCHEMICAL 
STUDY  OF  THE  PVC  DRY  BLENDING  PROCESS 
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D.G.  Hayashi 


NORTHERN  TELECOM  CANADA  LIMITED 
Lachine,  Quebec  Canada 


ABSTRACT 


DESCRIPTION  OF  EQUIPMENT 


The  dry  blending  process  used  in  the 
production  of  electrical  grade  pvc  form¬ 
ulations  has  been  studies  using  a 
combination  of  image  analysis,  microscopic, 
and  spectrochemical  techniques.  The 
effects  of  raw  materials,  mixing  time  and 
temperature,  and  order  of  addition  were 
evaluated  with  respect  to  the  quality  of 
the  dry  blend  and  the  final  product. 

Changes  in  particle  size  distribution  at 
various  stages  of  the  dry  blending  process 
were  followed  by  image  analysis  techniques. 
Optical  and  scanning  electron  microscopy 
|  were  used  to  assess  morphological  diff¬ 

erences.  Spectrochemical  techniques  were 
used  to  indicate  chemical  changes. 

The  properties  and  quality  of  dry  blends 
were  found  to  depend  strongly  on  mixing 
time,  mixing  temperature,  and  order  of 
addition. 


INTRODUCTION 

The  dry  blending  process  is  the  first 
step  in  the  manufacture  of  many  electrical 
grade  PVC  formulations.  Although  the 
process  has  been  in  use  for  some  time 
and  is  widely  used,  operating  parameters 
have  been  developed  on  an  empirical  basis, 
and  there  appears  to  be  very  little 
published  information  on  the  physical 
and  chemical  changes  which  occur  during 
the  process. 

The  objective  of  the  present  investigation 
was  to  apply  the  comparatively  new 
technique  of  image  analysis  to  study 
changes  in  the  particle  size  distribution 
(PSD)  of  PVC  granules  during  the  dry 
blending  process  and  to  attempt  to  relate 
these  findings  to  the  quality  of  the  dry 
blend  and  of  the  PVC  formulations  used 
as  wire  and  cable  insulations  and  jackets. 
Optical  and  scanning  electron  microscopy 
(SEM)  were  also  used  to  study  physical 
and  morphological  changes;  spectrochemical 
techniques  were  used  for  analytical 
purposes  and  to  detect  chemical  changes. 


Dry  blending  trials  were  performed  with 
a  laboratory  scale  Henschel  mixer  (Prodex 

Corp.  Model  2-JSS,  22.9  cm  diameter,  22.9 
cm  deep;  volume  9,430  cm3).  The  mixer 
had  no  provision  for  temperature  control. 
Heating  of  the  charge  was  governed  by 
mixing  time  and  intensity. 

The  image  analysis  system  was  supplied 
by  Cambridge  Instrument  Co.  and  consisted 
of  a  Quantimet  720/33  image  analyzer 
equipped  with  a  Vidicon  scanner,  a  Digital 
PDP  11/03  data  processor  and  LA  36  DEC 
writer  II  printer.  The  optical  microscope 
used  with  this  system  was  a  Carl  Zeiss 
Universal  model  with  a  stabilized  power 

supply  for  the  illumination  sources. 

The  spectrometric  equipment  used  included 
a  Philips  Electronics  X-ray  spectrometer 
and  X-ray  diffraction  apparatus,  and  a 
Perkin-Elmer  Model  225  infrared  spectro¬ 
photometer  . 

The  scanning  electron  microscope  (SEMI 
was  a  JEOL  Model  No.  JSM35C. 


APPLICATION  OF  EQUIPMENT 


Experimental  dry  blends  were  prepared 
in  the  Henschel  mixer  using  charges  of 
PVC  powder  ranging  from  about  1,000  to 
2,000  g.  Motor  speeds  up  to  3,600  rpm 
were  used.  As  the  temperature  increased 
with  mixing,  the  motor  was  stopped  at 
various  temperatures  up  to  115°C  to  sample 
the  dry  blend  with  a  long-handled  spoon. 
The  samples  were  immediately  shaken  with 
an  approximately  equal  volume  of  powdered 
dry  ice  to  prevent  caking,  then  air  dried 
and  stored  for  subsequent  examination. 
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Image  analysis  measurements  on  the  dry 
blends  were  performed  with  the  microscope 
operated  in  the  reflection  mode.  The 
sample  was  sprinkled  onto  a  front  surfaced 
plane  mirror  to  provide  good  optical 
contrast  between  the  white  particles  and 
the  bright  background,  ""he  PSD  was 
measured  over  the  range  of  50  to  450  urn 
in  increments  of  20  urn*  which  covers 
the  rarge  representing  the  bulk  of  the 
PVC.  The  lower  limit  of  50  urn  was  selected 
in  order  to  eliminate  the  measurement 
of  individual  particles  of  fillers, 
stabilisers,  etc.  which  usually  have  a 
chord  size  of  less  than  5  pm;  it  also 
reduces  the  level  of  the  "noise"  component 
of  the  measurement.  The  PSD  was  displayed 
on  the  printer  as  a  histogram  along  with 
the  numerical  data. 

XRD  and  XRF  measurements  were  made  on 
specimens  cut  from  1.8  mm  thick  slabs 
after  milling  and  molding  the  dry  blends. 
Infrared  transmission  spectra  were  obtained 
from  hot  pressed  thin  films  (about  0.05 
mm  thick)  prepared  from  the  slabs. 

SEM  examination  was  performed  on  fracture 
surfaces  of  the  slabs.  Backscattered 
electron  images  were  used  for  the 
photomicrographs . 


RESULTS  AND  DISCUSSION 

1.  PVC  Resin  Raw  Material 

Some  salient  data  from  PSD  measurements 
on  three  raw  material  PVC  resins  from 
two  different  suppliers  are  summarized 
in  Table  1.  Information  from  the  supplier 
of  resins  A  and  n  stated  that  typical 
average  particle  sizes  for  these  resins 
were  138  um  and  116  um  respectively. 

These  values  are  in  good  agreement  with 
the  mode  values  (peak  of  PSD  curve)  shown. 
Note  also  that  the  mean  chord  value  for 
resin  B  is  slightly  less  than  that  of 
A,  in  agreement  with  the  supplier's 
indication  of  slightly  smaller  particle 
sizes  for  resin  B.  These  results,  along 
with  reasonable  agreements  between  actual 
sieve  analyses  and  analyses  calculated 
from  image  analysis  measurements,  inspired 
confidence  in  the  validity  of  the  new 
technique . 

2.  PVC  Resin  and  DOP  Plasticizer  Dry 

Blend 

Table  2  shows  some  of  the  salient 
data  from  PSD  measurements  made  on  dry 
blends  containing  only  PVC  resin  and  DOP 
plasticizer  (75%  PVC/25%  DOP) .  Data  for 
the  raw  material  resin  is  included  for 
comparison,  as  well  as  data  for  the  resin 
after  Henschei  mixing  (to  75°)  but  before 
the  addition  of  plasticizer. 


The  results  indicate  only  a  minimal 
breakdown  of  the  PVC  resin  alone  by  mixing 
to  ?5°C.  The  amount  of  material  in  the 
lowest  size  range  increased  very  slightly 
and  the  "tail"  of  the  distribution  curve 
at  the  large  size  end  moved  to  a  slightly 
lower  range.  The  mean  chord  and  mode 
were  unaffected. 

As  might  be  expected,  the  addition  of 
plasticizer  between  75  and  80°C  resulted 
in  a  sudden  general  increase  in  particle 
size  due  to  swelling  of  the  granules  by 
absorption  of  the  plasticizer.  This  is 
shown  by  the  significantly  higher  values 
for  mean  chord  and  mode,  as  well  as  by 
the  decreased  numbers  of  the  smallest 
articles  and  the  movement  of  the  "tail" 
ack  into  the  245  -  265  ^m  range. 

With  further  mixing  and  increasing 
temperature  there  was  a  gradual  general 
decrease  in  particle  size  and  the  PSD 
stabilized  in  the  100  -  115°C  range  to 
give  a  PSD  very  similar  to  that  of  the 
original  raw  material  resin.  The  results 
suggest  that,  under  the  conditions  ox 
this  experiment,  there  was  an  equilibrium 
established  between  the  growth  of  granules 
by  agglomeration  and  breaking  of  the 
granules  by  attrition  of  the  mixing  action. 

3.  Dry  Blend  of  PVC  Resin,  Stabilizer, 

Filler,  and  Plasticizer 

A  dry  blend  having  the  composition 
shown  in  Table  3  was  prepared  by  mixing 
all  of  the  ingredients  except  the 
plasticizer  until  the  temperature  reached 
7  5°C .  A  sample  was  removed  at  this  point, 
and  then  mixing  was  continued  with  the 
addition  of  the  plasticizer.  Additional 
samples  were  taken  when  the  temperature 
reached  80°,  90°,  and  100°C. 


Figure  1  shows  the  mean  chord  size  of 
the  dry  blend  plotted  vs.  the  mixing 
temperature  (or  time) .  Results  for  the 
PVC -DOP  dry  blend  (unfilled)  described 
in  section  2  above  are  also  included. 
Comparison  of  the  two  sets  of  results 
indicates  the  following: 
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a.  The  mean  chord  size  of  the  resin 
particles  in  the  filled  formulation 
shows  a  distinct  decrease  during  the 
mixing  period  before  the  addition 

of  plasticizer.  The  unfilled 
formulation  does  not  show  this  effect. 
This  result  indicates  that  the 
inorganic  filler  and  stabilizer  have 
an  abrasive  action  on  the  PVC  granules 
during  this  period.  The  proportion 
of  smaller  particles  (in  the  50  to 
70  um  range)  also  increased  dramat¬ 
ically  (from  2.2  to  19.5%)  at  this 
period  of  mixing,  indicating  the 
formation  of  debris  from  the  larger 
granules . 

b.  The  addition  of  plasticizer  causes 

a  larger  increase  m  mean  chord  size 
in  the  filled  formulation.  There 
are  two  possible  explanations  for 
this  effect: 

(i)  The  granules  may  be  enlarged 
because  of  the  incorporation 
of  filler  and  stabilizer  as 
well  as  plasticizer. 

( i i )  Swelling  of  the  granules  may 

be  greater  because  of  the  higher 
plasticizer/resin  ratio  in 
the  filled  formulation  (about 
1:2  instead  of  1:3  as  in  the 
unfilled  material) . 

c.  Both  formulations  show  the  gradual 
decrease  in  mean  chord  size  with 
continued  mixing  after  the  absorption 
of  plasticizer.  Unfortunately,  the 
experiment  with  the  filled  formulation 
was  not  carried  on  long  enough  to 
determine  whether  or  not  it  would 
show  the  stabilization  of  mean  chord 
size  observed  in  the  unfilled 
formulation. 

4.  Order  of  Addition  of  Stabilizer 

The  simple  formulation  shown  in  Table 
4  was  used  to  study  the  effects  of  changing 
the  order  of  addition  of  the  stabilizer. 

In  one  case  the  resin  and  stabilizer  were 
mixed  together  to  75°C  before  the  addition 
of  plasticizer  ("front  loading");  in  the 
other  case  the  stabilizer  was  added  after 

the  absorption  of  plasticizer  by  the  resin 
("back  loading").  Some  difficulty  was 
experienced  with  caking  of  the  "front 
loaded"  dry  blend  in  the  Henschel  mixer 
after  addition  of  the  plasticizer. 


Salient  features  from  the  PSD  measurements 
on  the  dry  blends  are  summarized  in  Table 
5,  with  the  raw  material  resin  included 
for  comparison.  The  data  indicate 
a  slightly  larger  particle  size  in  the 
front  loaded  blend. 

When  the  dry  blends  were  milled  and  molded 
into  slabs,  it  was  noted  that  the  "front 
loaded"  material  was  pale  beige  in  colour, 
indicating  the  possibility  of  some  resin 
decomposition.  The  "back  loaded"  material 
had  a  normal  "off-white"  colour. 

Since  trouble  with  caking  had  been 
experienced  with  the  beige  material,  it 
was  suspected  that  some  of  the  stabilizer 
may  have  been  lost,  resulting  in 
decomposition  of  the  resin.  Quantitative 
comparison  of  the  lead  contents  of  the 
two  slabs  by  X-ray  fluorescence  analysis 
showed  that  this  was  not  the  case;  their 
lead  contents  were  practically  identical. 

A  comparison  of  the  infrared  spectra  of 
the  "front"  and  "back  loaded"  materials 
showed  that  bands  due  to  water  of  hydration 
and  to  the  ionized  carboxyl  group  of  the 
dibasic  lead  phthalate  stabilizer  were 
signi f icantiy  weaker  in  the  "front  loaded" 
material.  Quantitative  comparison 
indicated  that  about  25%  of  the  stabilizer 
had  been  decomposed.  This  degree  of 
decomposition  was  considerably  greater 
than  that  resulting  from  heat  aging  the 
same  specimens  at  100°C  for  7  days  (ASTM 
Method  D-1870) . 

A  comparison  of  the  X-ray  diffraction 
( XRD)  patterns  of  the  "front"  and  "back 
loaded"  materials  also  indicated 
significant  decomposition  or  breakdown 
of  crystal  structure  of  the  stabilizer. 

The  intensity  of  the  strongest  XRD  peak 
of  the  stabilizer  (at  about  7°  29  using 
Cu  Ka  radiation)  in  the  "front  loaded" 
material  was  only  about  25%  of  that  of 
the  "back  loaded"  material.  The 
indications  of  severe  reduction  in 
crystallite  size  were  confirmed  by 
microscopic  examination  (see  below) . 

Examination  of  hot  pressed  thin  films 
with  the  optical  microscope  showed  that 
the  "front  loaded"  material  appeared  to 
contain  fewer  and  smaller  needle-like 
crystals  of  the  stabilizer  than  the  "back 
loaded"  sample.  The  differences  in  micro¬ 
scopic  appearance  were  shown  more  vividly 
by  SEM  examination  (see  Figs.  2  a  and 
2  b) .  The  SEM  results  show  that  the 
crystals  of  stabilizer  were  broken  down 
much  more  severely  in  the  "front  loading" 
procedure  and  that  many  of  the  particles 
were  smaller  than  the  limit  of  resolution 
of  the  optical  microscope  (about  0.5  um) . 
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CONCLUSIONS 


TABLE  ■ 


1.  The  results  of  this  preliminary  study 
show  that  the  technique  of  image 
analysis  can  provide  useful  information 
concerning  the  particle  size 
distributions  of  PVC  resins  and 

the  changes  which  occur  during  the 
dry  blending  process.  Present  results 
were  confined  to  the  particle  size 
range  characteristic  of  the  PVC 
granules,  but  the  results  indicate 
that  future  studies  using  electron 
microscopy  may  be  of  value  in 
determining  the  size  distribution 
changes  which  take  place  in  the 
fillers  and  stabilizers  during  dry 
blending. 

2.  PVC  granules  undergo  the  following 
changes  during  a  normal  dry  blending 
operation : 

a.  Slight  attrition  before  addition 
of  plasticizer.  This  effect  is 
promoted  by  the  presence  of 
inorganic  components. 

b.  Sharp  increase  in  size  due  to 
plasticizer  absorption. 

c.  Gradual  reduction  in  size  due 
to  attrition  by  mixing. 

d.  Stabilization  of  particle  size 
due  to  equilibrium  between 
attrition  and  fusion.  The  final 
particle  size  distribution  may 
be  close  to  that  of  the  original 
resin. 

3.  Changes  in  the  order  of  addition  may 
have  profound  influences  on  the 
quality  of  dry  blends.  Mixing  of 
resin  and  stabilizer  before  the 
addition  of  plasticizer  may  cause 
more  decomposition  of  these  components 
in  the  dry  blend  than  is  encountered 
in  normal  heat  aging  tests  on  the 
finished  product. 
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SUMMARY  OF  PSD  DATA  FOR  THREE 
RAW  MATERIAL  PVC  RESINS 


RESIN 

Mean  Chord 
Mode  ;..rv 

t  in  50  -  "0  range 

Largest  range  with  over 

1* 


A  D  _ 

154  149  139 

138  138  .’9 

2.2  1.'  0.3 

245  -  245  -  225 

265  265  245 


NUMMARY  OF  PSD  DATA  FOR  DRY  BLEND  3F 
PVC  RESIN  AND  DCP  PLASTIC! 2FR 


DESCRIPTION 

mean 

CHORD 

Raw  Material  Ream 

154 

Resin 

Mixed 

Only  Henschel 
to  ?5°C 

154 

PVC 

3  0*C 

OOP  Mixed  to 

it; 

PVC  * 
90*C 

OOP  Mixed  to 

164 

PVC  * 
100ttC 

DCP  Mixed  to 

152 

PVC  * 
L10aC 

DOP  Mixed  to 

155 

PVC  * 
U5CC 

DOP  Mixed  to 

153 

TARGES  T 


MODE 

50-*C  r. 
RANGE 

RANGE  WITH 

:»i 

'  -w  • 

138 

2.2 

245  -  265 

13* 

2.4 

225  -  245 

.58 

•3.0 

245  -  265 

158 

1.9 

245  -  265 

138 

i.; 

245  -  265 

138 

2.4 

225  -  245 

138 

2.4 

245  -  265 

TABLE  3 

COMPOSITION  OF  EXPERIMENTAL  FILLED 
PVC  DRY  BLEND 
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COMPONENT 

WEIGHT 

<g' 

PHR 

t 

PVC  Resin 

1,043 

100.00 

45.96 

DOP  Plasticizer 

537 

51.49 

2  3.66 

Tnbasic  Lead  sulfate 
monohydrate  stabilizer 

63.5 

6.09 

2,80 

Calcium  carbonate 
filler 

626 

60 .02 

27.58 

Total 

2,269.5 

217.60 

100. 00 
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COMPOSITION  or  EXPERIMENTAL  PVC  DRY  BLE11D 

roa  comparison  or  order  or  addition  or  stabilizer 


FIGURE  2  -  SEM  PHOTOMICROGRAPHS  OF  FRACTURE 
SURFACES  OF  SLABS  MADE  FROM 
FRONT  AND  BACK  LOADED  DRY  BLENDS. 
MAGNIFICATION  4,000X 


COMPONENT 

PHR 

4 

PVC  Ream 

100.00 

69.35 

OOP  Plasticixer 

37.20 

25.80 

Dibasic  lead  phthalate 

7.00 

4.85 

Total 

144.20 

100.00 

SUMMARY  Or  PSD  DATA  TOR  COMPARISON 
OP  ORDER  OR  ADDITION  Or  STABILIZER 


MATERIAL 

RAW 

MATERIAL 

RESIN 

FRONT 

LOADED 

DRY  3 LEND 

SACK 

LOADED 

DRY  BLEND 

Mean  chord  (urn) 

14  9 

196 

192 

Mode  ( urn) 

138 

216 

19  7 

%  in  50-70  urn  range 

1.7 

1.9 

3.4 

Largeat  range  with  over 

It  (um) 

245  -  265 

304  -  324 

265  -  285 

Fig.  2(a)  - 
represented 


Front  loaded  lead  stabilizer; 
particles  of  stabilizer 
by  light  areas. 


Fig.  2(b)  - 
represented 


Back  loaded  lead  stabilizer; 
particles  of  stabilizer 
by  light  areas. 
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ABSTRACT 

Microprocessors  and  other  digital  devices 
are  finding  their  way  into  almost  all  wire 
and  cable  manufacturing  processes.  The 
primary  advantage  of  selecting  computer  - 
controlled  or  digitally-controlled  equip¬ 
ment  is  improved  productivity.  However, 
productivity  can  be  adversely  affected  if 
this  new  equipment  cannot  be  maintained  or 
cannot  be  repaired  quickly.  Maintenance 
personnel  require  new  skills  and  knowledge 
to  repair  and  maintain  computer-controlled 
or  digitally-controlled  equipment.  A 
training  program,  properly  structured  to 
include  education,  documentation,  and 
motivation,  must  be  implemented  for  those 
responsible  for  the  maintenance  and  repair 
of  this  highly  sophisticated  equipment. 

The  training  program  to  be  discussed  has 
evolved  as  a  result  of  our  experiences 
with  various  computer-controlled  and 
digitally-controlled  equipment. 


INTRODUCTION 

The  training  program  to  be  discussed  was 
initiated  as  a  result  of  our  experiences 
with  the  installation  and  maintenance  of  a 
microprocessor- control led ,  wire -insula ting 
takeup  (.the  subject  of  a  paper  presented  at 
the  30th  International  Wire  and  Cable 
Symposium)  as  well  as  several  other  pro¬ 
jects  involving  microprocessors  and  digital 
electronics.  We  discovered  that  some  of 
our  maintenance  personne1  ' acked  the  neces¬ 
sary  skills  to  effective!  maintain  and 
repair  this  new  and  sophisticated  equip¬ 
ment.  Many  suppliers  expound  the  virtues 
of  their  new  equipment ,  while  in  some  cases 
they  totally  neglect  to  mention  the  skills 
required  to  maintain  and  repair  it.  Our 
first  problem  was  to  determine  the  required 
skills,  and  then  to  initiate  a  program  to 
upgrade  those  maintenance  people  with 
deficiencies . 

We  decided  to  provide  a  well  structured 
training  program  for  our  personnel  consist¬ 
ing  of  two  training  phases:  fundamentals 
and  systems.  We  recognized  that  the  limit 
to  the  complexity  of  the  equipment  we  co(jld 


benefit  from  was  dependent  upon  the  skill 
level  that  our  maintenance  people  could 
attain.  To  obtain  the  maximum  benefit  from 
the  new  high-tech  equipment,  it  was  neces¬ 
sary  to  provide  a  very  thorough  training 
program. 

The  training  program  was  structured  to 
our  particular  situation.  We  considered: 
(1)  our  personnel,  (2)  our  equipment,  and 
(3)  the  types  of  training  courses  available. 
The  training  program  outlined  here  is  not 
the  only  solution  to  the  problem  of  upgrad¬ 
ing  of  maintenance  skills,  but  it  is  a 
practical  approach  to  the  problem. 

PERSONNEL 

The  limit  to  the  complexity  of  the 
equipment  that  can  be  maintained  is  depen¬ 
dent  upon  the  skills  of  the  maintenance 
organization.  To  properly  structure  a 
training  program,  it  is  necessary  to  eva¬ 
luate  the  needs  and  potential  of  each 
maintenance  man  individually.  The  struc¬ 
ture  of  the  maintenance  organization  is 
important  in  determining  the  level  of 
training  required  for  each  skilled  trades 
group.  The  maintenance  coverage  require¬ 
ments  of  the  manufacturing  operations  will 
determine  the  number  of  maintenance  person¬ 
nel  that  must  be  trained. 

Shown  in  Figure  1  is  a  composite  look  at 
the  two  skilled  trades  groups  involved  in 
the  maintenance  and  repair  of  our  computer- 
controlled  equipment.  Our  typical  elec¬ 
trician  is  47  years  old,  has  a  high  school 
education,  and  learned  his  trade  in  the 
military.  Our  typical  technician  is  43 
years  old,  has  two  years  of  college,  and 
learned  his  trade  while  in  college. 

Many  of  our  maintenance  people  had  obtained 
their  technical  training  long  before  digi¬ 
tal  electronics  and  microprocessors  were 
taught  in  school  and,  in  some  cases,  even 
before  transistor  theory  was  taught. 

Because  oi  this,  we  decided  to  begin  with 
a  fundamentals  course.  Most  of  our  skilled 
tradesmen  had  been  away  from  an  organized 
classroom  atmosphere  for  many  years.  Be¬ 
cause  they  were  unaccustomed  to  the  class¬ 
room,  we  structured  the  fundamentals  phase 
as  a  self-study  program.  i 
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Figure  1  Personnel  Evaluation 
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In  the  past,  our  electricians  have  had 
the  responsibility  of  repairing  and  main¬ 
taining  all  electrical  control  equipment, 
while  our  technicians  were  responsible  for 
the  maintenance  and  repair  of  all  digical 
equipment  and  all  printed  circuit  boards . 
This  historic  division  of  work  (loosely 
defined  as  high  voltage  versus  low  voltage) 
had,  in  itself,  produced  a  problem.  The 
new  computer-controlled  equipment  fell  into 
both  the  responsibilities  of  the  electri¬ 
cians  and  the  technicians.  This  difficulty 
has  been  solved  by  refining  the  work  res¬ 
ponsibilities  of  the  two  skilled  trades 
groups.  The  electricians  are  still  res¬ 
ponsible  for  all  control  equipment,  but 
that  responsibility  includes  both  the  elec¬ 
trical  and  electronic  components.  The 
technicians  are  respor^i'-’e  for  all  test¬ 
ing,  measuring,  and  data  collection  sys¬ 
tems.  The  training  pr^ram  has  been  struc¬ 
tured  so  that  each  skirled  trades  group 
can  obtain  the  required  skills  .ithout  tur¬ 
ning  the  electricians  into  technicians  and 
the  technicians  into  electricians. 

The  work  schedule  of  our  maintenance 
personnel  had  to  be  considered  in  the 
structure  of  the  training  program.  Our 
manufacturing  facility  operates  seven  days 
a  week  on  a  three-shift  per  day  basis. 

The  maintenance  organization  nrovrdes 
electrical  coverage  on  all  three  shifts. 
However,  there  are  fewer  maintenance  people 
on  the  two  night  shifts  than  there  are  on 
the  day  shift.  The  extra  day  people  are 
required  for  bench  work  and  work  that  re 
quires  interfacing  with  the  engineering 
organizations.  The  number  of  electricians 
and  technicians  that  had  to  be  trained  on 
each  shift  was  quite  different.  Also 
considered  was  the  fact  that  our  people 
had  a  rotating  schedule  of  days  off  due  to 
our  seven-day  coverage  operations.  Once 
again,  the  self-study  approach  to  the 
fundamentals  phase  was  the  best  option  for 
our  particular  situation. 

The  supervisory  requirements  for  the 
training  program  were  undertaken  by  the 
maintenance  organization.  We  were  fortu¬ 
nate  to  have  a  supervisor  within  the  maint¬ 
enance  organization  with  experience  in  the 
training  area.  His  responsibilities  in¬ 
cluded  coordinating  the  program  as  directed 
by  middle  management .  The  training  coordi¬ 
nator  had  to  be  able  to  communicate  with 
both  management  and  maintenance  personnel. 
It  was  very  important  to  have  the  right 
person  in  control  of  the  day-to-day  opera¬ 
tions  of  the  training  program.  The  amount 
of  time  required  to  coordinate  a  training 
program  is,  of  course,  dependent  upon  the 
size  of  the  program  and  decreases  as  the 
training  progresses. 

EQUIPMENT 

There  are  two  basic  types  of  micro¬ 


processor-controlled  equipment.  The  fir.*,: 
type  can  be  described  as  supplier-desigr.t c 
equipment,  and  the  second  type  can  be 
described  as  user-designed  equipment.  As 
mentioned  earlier,  the  limit  to  the  com¬ 
plexity  of  the  equipment  to  be  maintained 
is  dependent  upon  the  skills  required  to 
maintain  and  repair  the  equipment.  The 
importance  of  the  relationship  between  the 
equipment  and  the  training  program  becomes 
more  evident  when  discussing  documentation. 

There  are  three  subclasses  of  equipment 
categorized  as  supplier  designed.  They  are. 
(1)  specific  use,  (2)  custom  use,  and  (3) 
custom  designed.  The  specific  use  equip¬ 
ment  is  designed  by  the  supplier  for  a  very 
specific  application.  Extruder  heat 
controllers,  electronic  footage  counters, 
and  specialized  testing  equipment  would  be 
examples  of  this  category.  The  custom  use- 
equipment  would  be  less  specialized  and 
could  be  customized  for  a  specific  applica¬ 
tion  through  software  prepared  by  the  user 
or  the  supplier.  Examples  of  this  type  of 
equipment  would  be  programmable  controllers 
and  single  board  computers.  The  third  sub¬ 
class  of  equipment,  custom  designed,  is 
sometimes  described  as  an  engineered  sys¬ 
tem.  A  good  example  of  this  type  of  equip¬ 
ment  would  be  a  computer-controlled  insula¬ 
ting  or  jacketing  line. 

For  those  wire  and  cable  manufacturers 
with  the  technical  staff,  design  of  custom 
computer  systems  is  possible.  Western 
Electric  and  many  other  wire  and  cable 
manufacturers  find  it  profitable  to  design 
and  build  their  own  custom  microprocessor 
systems.  Engineers  can  readily  obtain  the 
components  for  such  systems  from  many 
equipment  suppliers  and  integrate  them  into 
their  production  processes.  Quite  often, 
custom  circuit  boards  are  used  in  conjunc¬ 
tion  with  purchased  single  board  computers 
to  provide  the  interfacing  to  unique  manu¬ 
facturing  equipment.  An  example  of  this 
type  of  equipment  would  be  the  microproces¬ 
sor-controlled  wire  insulating  takeup  pre¬ 
viously  mentioned. 

THE  MISSING  LINK  -  TRAINING 

Once  the  personnel  had  been  evaluated 
and  the  equipment  categorized,  the  educa¬ 
tional  program  was  structured.  We  assem¬ 
bled  the  training  program  to  fit  the 
unique  situation  of  our  manufacturing 
operations.  The  training  program  format 
included  three  major  components:  (1) 
education,  (2)  documentation,  and  (3) 
motivation . 


EDUCATION 

There  are  several  educational  formats 
available.  Some  of  these  include:  (1) 
the  classical  classroom  approach,  (2)  Cor- 
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respondence  courses,  (3)  individual  self- 
study,  and  (4)  a  coordinated  self-study. 
Many  commercial  technical  schools  will 
contract  with  manufacturers  to  provide 
in-house  training  programs.  These  programs 
usually  require  a  large  number  of  mainte¬ 
nance  personnel  to  attend  class  at  the  same 
time.  With  our  seven-day,  three-shift 
operation,  this  could  not  be  easily  coordi¬ 
nated  and  is  quite  expensive.  Cotrespon- 
Jence  would  have  been  used,  but  we  felt 
that  our  people  required  a  more  structured 
and  well-supervised  program.  Since  a 
program  conducted  on  company  time  would 
assure  the  required  participation,  it  was 
concluded  that  a  self-study  program  inclu¬ 
ding  laboratory  exercises  would  be  the 
best  approach.  Self-study  programs  can  be 
structured  for  individuals  or  groups. 

If  structured  for  individuals,  each  person 
must  be  provided  with  his  own  laboratory 
equipment.  In  a  group-structured  program, 
the  laboratory  equipment  can  be  shared, 
thus  reducing  the  cost  of  the  program. 
Combining  the  group-structured  program 
with  direct  supervision  results  in  a  co¬ 
ordinated  self-study  program.  We  selected 
this  approach  because  it  best  fit  our 
particular  situation  and  offered  the  most 
benefits.  Our  program  is  offered  seven 
days  a  week  and  on  all  three  shifts.  Our 
required  classroom  space  is  kept  to  a 
minimum  since  the  room  is  used  on  a  con¬ 
tinuous  basis  with  smaller  groups  of 
students. 

The  fundamentals  training  program  is 
divide-',  into  eight  areas  of  study.  They 
are:  (j.)  DC  theory,  (2)  AC  theory,  (3) 
semiconductor  theory,  (4)  electrical 
circuits,  (5)  operational  amplifiers,  (6) 
digital  techniques,  (7)  test  equipment, 
and  (8)  microprocessors.  A  schedule  of 
recommended  study  times  has  been  provided 
by  the  educational  material  supplier.  They 
range  from  20  hours  for  DC  theory  to  80 
hours  for  microprocessors ,  with  a  recommen¬ 
ded  total  of  300  hours  for  the  entire 
fundamentals  program.  Although  there  is 
no  limit  on  the  time  the  student  has  to 
complete  any  phase  of  the  program,  he  is 
encouraged  to  keep  pace  with  the  recommen¬ 
ded  time  schedule.  The  student  is  assigned 
to  three  one-hour  sessions  in  the  training 
room  each  week  during  his  normal  work 
hours.  The  training  material  is  given  to 
the  student  to  keep  and  as  a  result,  we 
have  some  students  that  will  study  at  home 
on  their  own  time.  We  also  encourage  the 
student  to  use  any  idle  time  on  the  job 
to  study. 

The  fundamentals  course  work  is  re¬ 
quired  of  all  electricians  and  technicians 
that  participate  in  the  program.  The  pro¬ 
gram  is  voluntary,  but  participation  is 
obviously  encouraged.  The  total  program, 
if  completed  on  company  time  only , requires 


approximately  two  years  to  complete.  After 
completing  the  fundamentals  phase,  the 
student  may  request  some  optional  fundamen¬ 
tals  courses.  Six  optional  courses  are 
available.  These  include  such  topics  as: 
(1)  OPTO  electronics,  (2)  phase  locked 
loops,  (3)  IC  timers,  (4)  active  filters, 

(5)  assembly  computer  language,  and  (6) 
basic  computer  language. 

After  completing  the  electronic 
fundamentals  phase  of  training,  special¬ 
ized  training  courses  offered  by  the 
equipment  supplier  can  be  purchased. 

Courses  for  supplier  designed  equipment 
usually  require  more  conventional  classroom 
instruction  and  are  more  intensive  in 
structure,  with  most  courses  being  com¬ 
pleted  in  one  or  two  weeks  of  full-time 
study.  By  conducting  these  courses  in- 
house,  the  living  and  travel  expenses  of 
the  student  can  be  avoided.  Usually  the 
costs  of  such  courses  are  on  a  per-student 
basis  with  additional  cost  for  the  instruc¬ 
tor's  living  and  travel  expenses  while 
teaching.  Unfortunately,  scheduling  of 
personnel  becomes  more  difficult  with  these 
in-house  courses,  but  fewer  people  are 
generally  involved. 

The  training  for  user  designed  equipment 
is  perhaps  the  most  difficult  to  provide 
since  it  normally  requires  the  preparation 
of  training  materials  by  the  local  engi¬ 
neering  staff.  Many  hours  and  special 
talents  are  needed  to  prepare  this  type  of 
training  material.  A  classroom  structure, 
similar  to  the  courses  offered  for  supplier 
designed  equipment,  is  usually  followed, 
although  some  videotaping  has  been  tried. 
Costs  for  such  specialized  training  mate¬ 
rial  is  divided  among  a  relatively  small 
number  of  students.  The  costs  are  probably 
higher  than  for  courses  offered  by  equip¬ 
ment  suppliers.  By  videotaping  the  pre¬ 
sentation  of  the  training  material  per 
student  cost  can  be  reduced,  and  the  tape 
provides  a  convenient  resource  for  the 
maintenance  organization. 

DOCUMENTATION 

The  importance  of  proper  documentation 
becomes  more  obvious  as  the  specific 
systems  courses  begin.  The  documentation 
provided  for  the  electrician  or  technician 
to  maintain  these  systems  usually  comprises 
the  training  material  for  the  courses. 

When  we  contract  with  an  equipment  supplier 
to  provide  training  courses,  we  require 
that  a  complete  set  of  documents  be  pro¬ 
vided  for  each  student.  This  allows  the 
students  to  make  notes  on  the  drawings  and 
instructions  they  will  be  using  later  to 
repair  and  maintain  that  specific  equip¬ 
ment.  Although  this  adds  considerably  to 
the  cost  of  some  courses,  it  is  worthwhile. 
Listed  below  are  the  characteristics  of 
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the  documentation  for  each  equipment 
category. 

Supplier  Designed  -  Specific  Use 
Equipment :  The  documentation  for  this 
equipment  is  generally  quite  complete 
since  the  equipment  has  been  designed  for 
a  specific  application.  Usually  included 
are  schematics,  theory  of  operation,  in¬ 
stallation  and  calibration  procedures,  and 
troubleshooting  guide.  Since  the  equip¬ 
ment  is  for  a  specific  application,  the 
theory  of  operation  usually  covers  the 
actual  application  in  great  detail.  This 
simplifies  the  instruction  process  since 
the  documentation  provided  becomes  the 
training  manual  for  the  course . 

Supplier  Designed  -  Custom  Use  Equip¬ 
ment:  Included  in  this  category  of  equip- 

ment  are  programmable  controllers.  The 
documentation  for  this  equipment  is  very 
specialized  and  does  not  normally  include 
specific  application  information.  The 
documentation  would  usually  include  such 
items  as  operating  instructions,  interfa¬ 
cing  instructions,  programming  instruc¬ 
tions,  and  maintenance  and  troubleshooting 
procedures.  While  these  are  sufficient  for 
maintaining  and  repairing  the  programmable 
controller,  it  should  be  supplemented  with 
documentation  detailing  the  specific 
application  and  interfacing  including 
schematics.  Most  equipment  suppliers 
cannot  furnish  this  supplemental  material 
and  as  a  result,  the  engineering  staff 
usually  has  to  prepare  this  documentation 
and  assist  in  the  training  course.  This 
obviously  complicates  the  instruction 
process . 

Supplier  Designed  -  Custom  Designed 
Equipment :  This  category  of  equipment, 

often  called  Engineered  Systems,  normally 
includes  very  detailed  schematics  and 
software  (program)  listings,  but  usually 
excludes  information  on  the  manufacturing 
process,  overall  theory  of  operation,  and 
troubleshooting  procedures.  A  good 
fundamentals  training  background  is  very 
important  in  understanding  the  documenta¬ 
tion  provided  in  this  type  of  training. 
Because  specific  use  and  custom  use 
equipment  are  normally  included  in 
engineered  systems,  some  elements  of  the 
training  program  are  well  documented. 
However,  to  thoroughly  understand  the 
engineered  system,  the  trainee  must  have 
a  good  understanding  of  the  manufacturing 
process.  This  normally  requires  either 
extensive  experience  maintaining  similar 
processing  equipment  or  the  involvement 
of  the  product  engineering  staff  in  the 
training  process.  As  a  result,  this 
type  of  training  course  is  not  normally 
as  well  documented  as  it  should  be. 


User  Designed  Equipment:  The  document  a- 
tion  for  this  category  of  equipment  is  the 
most  difficult  to  obtain  and  is  usually  the 
poorest  in  structure  and  content.  All 
documentation,  with  few  exceptions,  must  be 
prepared  by  the  design  engineer.  Because- 
of  other  job  responsibilities .  engineers 
usually  cannot  devote  the  large  amount  of 
time  required  to  prepare  training  documen¬ 
tation.  As  a  result,  instruction  and 
training  on  user-designed  equipment  must  be 
presented  as  a  lecture  series  by  the  design 
engineer  with  whatever  documentation  he  may 
be  able  to  provide.  This  is  less  than 
satisfactory  in  most  cases.  The  amount  of 
information  retained  by  the  trainee  in  this 
type  of  course  is  much  less  than  for  a 
properly  documented  course.  The  quality  of 
education  for  such  a  program  is  totally  de¬ 
pendent  on  the  ability  of  the  design 
engineer  to  organize  and  present  h is  lec¬ 
tures.  Most  engineers  have  little  training 
as  educators,  and  this  presents  a  problem 
when  organizing  lecture  material.  Our 
experience  in  this  area  has  not  been  good. 
Several  courses  have  been  organized  by 
various  engineers  with  varying  amounts  of 
documentation.  The  courses  were  well  re¬ 
ceived  by  the  trainees,  but  the  retention 
of  the  material  presented  has  been  poor. 

A  great  deal  of  effort  is  being  addressed 
to  this  problem,  and  better  results  are 
anticipated  in  the  future  as  a  result  of 
the  fundamentals  training  now  in  progress. 
Our  hopes  are  that  with  a  better  background 
in  electronic  theory,  the  material  pre¬ 
sented  by  the  engineer  will  be  better 
understood . 

MOTIVATION 

The  most  difficult  aspect  of  training 
is  motivation.  No  matter  how  well  struc¬ 
tured  the  education  program--or  how 
thoroughly  prepared  the  documentation- - 
without  the  proper  motivation,  the  training 
program  is  doomed  to  failure.  The  chal¬ 
lenge  is  to  motivate  the  maintenance  man 
to  participate  and  to  keep  pace.  There 
is  always  some  pressure  from  those  that 
prefer  not  to  participate  on  those  that 
do.  We  attempt  to  keep  the  interest  in 
the  program  high  and  to  provide  some  sense 
of  accomplishment  in  those  that  choose  to 
participate.  In  the  area  of  participation, 
we  have  had  mixed  results.  Shown  below 
are  the  levels  of  participation  by  our 
maintenance  personnel: 

Work  Percent  Participation 

Shift  Elec*-"'  ians  Technicians 


Day  63  100 

Evening  79  100 

Midnight  85  100 

Total  72  100 
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The  response  from  our  technicians  has 
been  very  good.  The  electricians  on  the 
day  shift,  generally  the  most  senior  and 
the  oldest,  have  the  poorest  level  of  par¬ 
ticipation  in  the  fundamentals  training 
program.  The  highest  level  of  participa¬ 
tion  by  our  electricians  is  on  the  mid¬ 
night  shift.  Generally,  the  older  the 
electrician,  the  less  likely  he  is  to  get 
involved  in  the  program. 

The  reason  for  the  total  participation 
by  our  technicians  may  relate  to  the  fact 
that  they  as  a  group  have  a  higher  level 
of  formal  education  and  are  probably  less 
intimidated  by  classroom  instruction.  In 
addition  to  their  excellent  participation 
level,  the  technicians  as  a  total  group 
are  approximately  8  percent  ahead  of 
schedule  in  their  fundamentals  training. 
The  same  cannot  be  said  of  our  electri¬ 
cians.  Shown  below  are  percentages  rela¬ 
ting  their  progress  in  comparison  to  the 
recommended  pace: 


Work 

Shift 


Day 

Evening 

Midnight 

Total 


Electrician 

Status  vs.  Recommended 
(Percentage") 

-10.7 

-15.7 


-  2.7 


-10.0 


The  midnight  shift  electricians  have 
maintained  a  good  pace  and  a  good  level 
of  participation.  The  other  two  shifts 
require  more  attention  to  bring  them  up 
to  a  reasonable  pace. 

A  recognition  program  has  been  initiated 
to  encourage  the  trainees  to  continue  with 
the  program  and  to  keep  pace.  Upon  success¬ 
ful  completion  of  the  fundamentals  training 
a  special  ceremony  is  arranged  with  members 
of  management  to  present  certificates  of 
completion  to  the  successful  trainee. 

Since  the  maintenance  personnel  are  hourly 
employees,  and  under  Union  contract,  it  is 
difficult  to  reward  the  extra  efforts  of 
the  trainees  that  complete  the  entire 
training  course.  However,  other  awards  are 
being  considered. 

SPECIAL  ROLE  OF  THE  ENGINEER 


The  engineer  that  has  the  responsibility 
to  improve  productivity  through  new  state- 
of-the-art  equipment  has  the  added  respon¬ 
sibility  of  understanding  the  maintenance 
man's  point  of  view.  Having  to  repair  and 
maintain  this  high  technology  equipment 
without  the  necessary  skills  is  upsetting. 
One  goal  of  the  training  program  is  to 
make  the  maintenance  man  feel  comfortable 
with  the  new  equipment.  The  knowledgeable 
worker  will  accept  technological  change, 
while  the  worker  with  limited  skills  will 
always  fight  change.  The  engineer  must 


work  with  the  maintenance  organization 
to  assist  them  in  obtaining  the  necessary 
skills,  and  to  be  patient  with  the 
maintenance  man  as  he  learns  these  new 
skills . 

An  additional  responsibility  of  the 
engineer  is  to  provide  an  interface  be¬ 
tween  management  and  the  maintenance 
worker.  Most  engineers  are  in  a  position 
to  understand  the  needs  of  management 
and  the  needs  of  the  maintenance  worker. 

It  is  his  task,  when  selecting  or  design¬ 
ing  new  equipment,  to  integrate  the  needs 
of  management  to  have  a  profitable  piece 
of  processing  equipment  with  the  needs  of 
the  maintenance  man  to  have  a  machine  that 
he  can  maintain. 


CONCLUSIONS 


The  computer  is  here,  and  designers  are 
going  to  find  ways  to  use  this  new  tool  in 
every  type  of  wire  and  cable  manufacturing 
process.  To  compete  in  today's  interna¬ 
tional  market,  productivity  must  increase, 
and  the  computer  is  the  most  popular  tech¬ 
nological  change  in  equipment  design  to 
provide  that  needed  increase  in  producti¬ 
vity.  However,  the  productivity  increases 
cannot  be  attained  if  the  equipment  cannot 
be  maintained.  Better  educated  and  more 
highly  skilled  workers  are  required  to 
maintain  this  new  equipment.  If  these 
high-skilled  workers  are  not  already  avail¬ 
able,  or  if  they  cannot  be  hired  off  the 
street,  then  the  current  work  force  will 
have  to  be  trained  to  do  the  job.  This 
will  require  a  full-time  program  of  tech¬ 
nical  training.  It  cannot  be  a  one-time 
operation,  but  it  must  be  continuous  and 
constantly  upgraded  as  technology  changes. 
Some  of  the  current  work  force  will  not  be 
interested  in  upgrading  their  skills. 

These  workers  will  become  obsolete  if  they 
do  not  change  their  attitudes.  The  tide 
of  technology  is  growing.  The  maintenance 
man  must  learn  to  swim  with  the  tide,  or 
he  will  surely  be  swept  away. 

Our  training  program  is  approaching  the 
end  of  the  second  year  of  operation.  Most 
of  our  people  have  continued  to  support 
the  program.  The  fundamentals  phase  of 
the  training  program  is  now  almost  com¬ 
plete.  The  benefits  of  the  program  should 
be  more  apparent  this  coming  year  when 
more  specialized  training  courses  can  be 
offered.  We  believe  the  training  program 
will  allow  us  to  take  full  advantage  of 
the  technological  advances  coming  to  our 
industry . 
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AUTOMATED  ELECTRICAL  HARNESS  MANUFACTURING 


John  W.  Tarbox  --  San  Diego,  California. 


Tarbox  Developments 


This  automated  electrical  harness  manufactur¬ 
ing  system  described  here  is  intended,  thru 
Computer  Controlled  equipment,  to  lessen  cost, 
improve  quality  ar.d  speed  production  in 
flectrical  harness  manufacturing.  It 
addresses  the  need  to  include  wire  marking: 
stripping:  lugging:  forming:  tying  and  test¬ 
ing  for  a  wide  variety  of  gages  ar.d  types  of 
components.  It  sequences  the  operations  of 
new  but  proven  equipment — ink  jet  marking: 
robot  wire  end  preparation:  C-N/C  forming 
and  high  speed  assembly  testing  'under  the 
overall  supervision  of  a  host  computer.  It 
offers  a  number  of  choices  of  equipment  and 
degrees  of  sophisticati on .  It  permits 
starting  with  a  basic  system  of  reasonable 
cost  which  is  designed  for  future  expansion 
with  further  economies. 

/  v- 

Why  automate" 

The  answer  to  this  question  comes  to  us  in  the  United 
States  from  Taiwan.  Korea,  Mexico  where  manual  labor 
costs  are  one  tenth  of  ours.  It  comes  from  Japan 
who  IS  automating:  and  currently  at  a  rate  much 
faster  than  us.  Automation  may  reduce  jobs  in  harness 
making  but  it  will  provide  jobs  in  skilled  manufactur¬ 
ing,  And,  if  we  don't  compete  through  automation  we 
will  lose  these  jobs  anyway — permanently! 

Also  there’s  Better  Quality:  Higher  Productivity: 

Lower  lost. 

Why  then  do  we  still  find  most  harnesses  are  hand  made’7 

That  answer  is  easy-  There  has  been  no  viable  approach. 
No  approach,  that  is,  that  accommodated  the  staggering 
variety  of  needs  presented  by  wire  gages  ranging  from 
12  thru  20  with  many  different  strandings  and  insulations 
--over  5000  varieties  of  terminals  --  over  10,000  kinds 
of  connectors:  any  geometric  configuration  coupled 
with  a  totally  custom  electrical  configuration  --  all 
of  which  requiring  identification  for  assembly  and 
maintenance.  Steps  within  the  overall  assembly  job 
have,  indeed,  been  automated  but  there  has  been  no 
answer  to  automating  the  whole.  There  is  now! 


The  system  described  here  has  been  made  possible  by 
developments  in  Computer  Aided  Design  (CAD}:  in  high 
speed  printing  (Ink  Jets  and  Lasers):  in.  Robots:  in 
I-N/C  machine  controls:  in  high  speed  electrical  and 
electronic  testing:  in  automated  bundle  tying  devices 
. plus  some  special  ways  of  putting  these  all  to¬ 
gether.  The  next  section  describes  this  system. 

The  Wire  Harness  Assembly  Center 
first,  let  us  review  just  what  goes  into  the  makeup  of. 
say,  an  Aerospace  equipment  harness.  A  typical  harness 
will  use  several  different  types  of  wire:  single 
conductor,  multi-conductor,  twisted  pair,  shielded 
wire:  it  may  use  more  than  one  color  but  the  color 
in  general  is  white:  there  will  be  several  gages. 

Each  wire  will  be  numbered  with  its  wire  number. 

Then  there  will  be  a  variety  of  terminals  at  the  wire 
ends  and  each  end  must  be  correctly  stripped  of  in¬ 
sulation  before  these  terminals  are  applied.  Strip¬ 
ping  and  lugging  of  the  terminals  require  special 
tools  matched  to  the  wire  and  the  terminal.  3ecause 
of  difficulty  in  applying  numbering  to  certain  wires 
numbered  sleeves  may  be  required  adjacent  tc  the 
end  terminal.  Prenumbered  shrink  sleeving  is  typically 
used  for  this  role . 

From  the  collection  pre-prepared  wires  the  harness  is 
next  formed  by  running  each  wire,  in  turn,  through  its 
assigned  path  on  the  custom  harness  fermboard.  This 
is  a  tool  made  by  locating  forming  pins  and  wire  hold¬ 
ing  devices  in  the  required  pattern  on  a  flat  board. 

When  all  wires  are  run  in  the  various  trunks  and  branches 
are  tied  with  lacing  tape  or  plastic  ties  so  that  the 
harness  may  be  removed  from  the  formboard  without 
losing  its  formed  configuration. 

We  are  not  done.  The  next  step  is  to  insert  the  *erm- 
ated  ends  correctly  into  their  proper  place  in  the 
connector.  Then  comes  testing  for  correct  contin¬ 
uity:  final  assembly  of  the  connector  strain  relief 
shells,  etc;  addition  of  harness  labels  ar.d,  perhaps 
some  extra  protective  wrapping.  These  final  steps 
were  taken  only  after  the  errors  that  showed  up  in 
the  testing  were  correc ted--not  an  easy  task.' 
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Industrial  harnesses  are  usually  somewhat  simpler  than 
Aerospace  harnesses.  Wire  numbering  may  be  omitted: 
wire  color  coding  may  be  substituted:  sometimes  no 
wire  identification  is  used.  Wire  end  terminals 
are  usually  adapted  well  to  automatic  terminating 
tooling:  connectors  usually  do  not  require  the 
addition  of  an  environment  seal  and  connector  assembly 
is  therefore  somewhat  less  of  a  chore  . 

Auto  Assembly 

Figure  l  outlines  in  schematic  form  the  make-up  of 
a  basic  Wire  Harness  Assembly  Center.  Figure  Z  shows 
the  components  which  extend  the  3ize  and  capabilities 
of  thi3  basic  system.  Refer  first  to  Figure  1  -- 
System  I . 

*IRE  WIRE  HARNESS  ASSEMBLY 

S'JPPIY  CENTER 


PTGURE  i. 


In  System  1  the  wire  feed  to  the  printer,  the  first 
step  in  the  harness  maxing  process,  is  initiated 
manually  for  each  reel.  Subsequent  operations  through 
harness  forming  are  automatic. 

From  the  printer  the  wire,  now  identified,  passes 
thru  the  cut  (cut  and  strip)  module  and  is  loaded  into 
th**  cartridge  by  the  action  of  the  cartridge  loader. 

The  cartridge  design  is  such  that  each  end  of  the  wore 
prctrudes  sufficiently  to  permit  presentation  to  the 
strippers  and  terminal  luggers  for  wire  end  terminati  or. 
which,  in  these  systems,  is  completed  prior  to  forming . 
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Ir.  “he  next  operation  the  loaded  cartridge  is  picked 
■«p  by  the  Robot  'Hand'  and  is  transported  and  presented 
to  the  lugging  module  selected  to  attach  terminal  VI. 
Following  that  action  the  Robot  hand  rotates  the  cart- 
riige  and  presents  the  other  end  of  the  wire  to  the 
lugging  module  selected  to  attach  terminal  #2.  The 
terminated  wire  is  now  ready  for  the  forming  operation. 

In  System  I  the  Robot  retains  the  cartridge,  orients 
it  and  transports  it  through  the  manoeuvres  needed  to 
frrm  the  wire  on  the  forming  board.  The  cartridge 
:es;gr.  co-operates  by  providing  precision  payout  of  the 
*:re  into  the  gripping  teeth  of  the  'luecomb'  wire 
grippers  and  around  the  forming  pins  which  designate  and 
maintain  the  correct  forming  pattern. 

iterations  subsequent  to  forming  such  as  connector  in¬ 
sertion.  testing  and  tying  of  the  harness  are  maintained 
as  manual  operations  ir.  System  I.  However.  Robot 
precision  in  forming  plus  the  guidance  provided  by  the 
descriptive  covers  of  the  luecooc  system  will  add  speed 
and  reliability  to  these  operations. 

Eire  Harness  Assembly  Renter  Modules 

Printer ;  The  printer  required  for  this  system  must 
:e  capable  cf  being  programmed  to  number  the  wires  in 
the  sequence  ir.  wr.icr.  they  are  later  to  be  formed. 

Also,  it  must  operate  with  sufficient  speed  to  keep 
ip  with  the  rest  cf  tne  system.  An  Ink  Jet  wire 
maricer  marketed  by  American  Ian  is  or.e  suitable  unit. 

lit  :r  lit-and-Stric  Module:  Since  the  wire  cartridges 
are  lesigned  to  handle  individual  wires  a  cut  module 
laratle  of  accurate  length  cutting  of  the  various  wire 
tyres  used  must  precede  cartridge  loading.  If  wire 
types  and  stripping  requirements  can  be  handled  by 
available  '  in-line'  strippers  then  the  cut  module  may 
become  a  cut-and-str ip  module.  If.  however,  wire 
types  and  strip  lengths  are  too  varied  to  permit 
practical  use  of  in-line  strippers  then  a  module  bank 
of  powered  'end  strippers'  preceding  the  lugger  line 
can  be  employed.  The  block  diagram  shows  this  alter¬ 
native  . 

dire  Cartridge:  This  module  has  been  designed  spec¬ 
ifically  to  meet  the  needs  of  this  auto-wiring  system. 

It  f .-operates  with  automatic  loading  from  the  cut  or 
cut-and-str ip  module:  prevents  the  wire  from  tangling; 
maintains  control  of  the  wire  ends  during  wire  end 
preparation  (stripping,  lugging,  sleeving,  testing) 
and  provides  for  precision  payout  of  the  wire  during 
the  forming  operation.  Its  configuration  is  such  that 
it  will  handle  a  variety  of  wire  types  in  lengths  from 
one  foot  to  several  hundred  feet. 

Jartridae  Loader:  This  module's  role  is  to  accept  the 
numbered  wire  as  it  emerges  from  the  cut  module  and  load 
it  with  the  proper  protrusion  of  the  wire  ends  into  the 
wire  cartridge  and  then  park  the  cartridge  ready  for 
pickup  by  the  robot. 


Robot:  The  robot  selected  for  use  in  System  I  is  the 
'/-15  Robot  manufactured  by  the  Cybotech  Corporation  of 
Indianapolis,  Indiana,  in  a  version  specifically 
adapted  for  auto  wiring.  It  incorporates  a  ‘hand’ 
capable  of  picking  and  parking  the  wire  cartridge 
at  the  cartridge  loader:  presenting  the  cartridge 
correctly  to  the  strippers,  luggers,  sleevers.  testers 
orienting  the  cartridge  correctly  during  the  forming 
operation . 

Strippers ;  For  those  applications  wherein  currently 
available  cut-and-strip  modules  are  insufficient  a 
bank  of  powered  strippers  of  the  end  loading  variety 
will  be  employed  to  cover  the  dimensional  variations 
needed  to  match  the  wire  and  terminals  used. 

Luggers ;  A  variety  of  terminal  attaching  (lugging) 
machines  are  available  from  the  terminal  manufacturers 
and/or  from  specialized  tooling  manufacturers •  For 
robot  operation  the  units  selected  should  include 
automatic  delivery  of  the  terminals  to  the  crimping 
dies.  Since  the  luggers  as  now  manufactured  are 
designed  to  be  operated  by  a  human  with  feel  and  eye¬ 
sight  they  will,  for  this  application,  be  adapted  for 
operation  by  robots  without  feel  or  eyesight. 

Tester t  This  is  a  module  specifically  designed  for 
auto  wiring.  It  provides  for  both  electrical  and 
mechanical  (pull)  tests  and  checks  both  the  integrity 
of  the  components  and  the  quality  of  the  operations 
up  to  this  stage  in  the  wiring  process — in  advance  of 
harness  forming  and  tying. 

Forming;  Forming  of  continuous  strands  of  wire  by 
C-N/C  forming  machines  has  been  employed  for  some  time 
This  system  adds  the  forming  of  pre-prepped  (end  term¬ 
inated)  wire  to  that  capability. 

Cuecomb3»  These  are  proprietary  formboard  accessories 
which  provide  for  gripping  and  retaining  the  ends  of 
the  pre terminated  wires  during  machine  forming.  The 
Cuecoml  system,  however,  uniquely  provides  information 
needed  by  the  technician  responsible  tin  the  basic 
System  I )  for  the  insertion  of  the  wire  ends  into  the 
connector.  The  user  printed  'Cuecovers'  not  only 
supply  such  information  to  t  e  assembly  technician 
but  they  also  retain  the  wires  in  the  comb  in  the 
array  programmed  and  run  by  the  robot  during  the 
wire  forming  process.  This,  typically,  will  be 
one  wire  per  comb  slot.  Furthermore,  Cuecovers 
can  provide  information  on  wire  runs,  insertion  and 
removal  tools,  manual  stripping  and  lugging  spec¬ 
ifications,  terminal,  connector  and  wire  part  num¬ 
bers  for  the  final  assembler  and/or  the  maintenance 
technician  inasmuch  as  the  Cuecomb/Cuecover  assembly 
is  designed  to  remain  with  the  harness  for  the  remain¬ 
der  of  its  life.  At  the  present  time  no  alternate  to 
this  unique  system  exists. 

Programming!  Inasmuch  as  the  Robot  is  the  central 
operator  of  System  I  its  auxiliary  output  commands 
are  sufficient  for  initiating  the  operations  of  the 
printer  and  other  modules.  A  host  computer  is  not 
necessary . 
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Universal  Formboard i  This  is  a  proprietary  develop¬ 
ment  of  Adapt  Developments.  Santa  Ana.  California- 
It  consists  of  a  2  foot  by  3  foot  module.  joinabLe, 
like  tiles,  to  make  up  larger  boards-  Each  module 
contains  864  forming  pins  arrayed  on  1  inch  centers 
over  the  face  of  the  module.  At  rest  they  are 
recessed  within  the  unit.  For  forming  they  stand 
2  inches  high,  perpendicular  to  the  face  of  the  form- 
board.  Only  an  overlay  which  can  be  developed  by 
hand  or  a  graphics  plotter  is  needed  to  control  the 
setting  pattern  for  the  forming  pins  required.  Set-up 
can  be  completed  in  a  few  minutes.  No  formboard 
storage  is  required.  Srid  patterns  finer  than  1 
inch  can  be  developed  at  any  local  area  by  means  of 
slip-on  accessories.  The  Cue comb  system  is  designed 
to  match  to  this  formboard. 

System  II 

Please  refer  to  Figure  2. 

System  II  adds  both  extra  capability  and  site  to 
System  I.  The  Auto  Wire  Supply  Module  eliminates 
the  processing  interruptions  which  manual  selection 
and  feeding  of  a  new  color  or  type  of  wire  to  the 
printer  causes.  The  Harness  Forming  Module  addec  to 
System  II  provides  for  the  forming  of  larger  harnesses- 
This  unit  is  sized  to  suit  the  user's  needs--the 
largest  one  contemplated  so  far  is  8  feet  by  24  feet. 

In  addition,  the  HFM  makes  practical  the  operation  of 
a  second  robot  to  work  in  parallel  with  the  first 
robot  since  both  robots  are  relieved  of  the  forming 
task.  With  cartridge  loading  and  wire  terminating 
proceeding  simultaneously  System  II  doubles  the  prod¬ 
uction  rate  of  System  I. 

Wire  Supply  Module;  Wire  changeover  taking  longer 
than  about  10  seconds  will  interrupt  auto  system 
operation.  This  module  is  intended  to  minimize  such 
ieiays.  Its  role  is  to  select  the  required  wire 
supply  package  (reel  or  carton)  from  its  store  of 
such  supplies  and  automatically  feed  wire  from  that 
package  into  the  printer  (or  cut  module  if  no  printer 
is  used) . 

Harness  Forming  Module  (HFM)  t  This  unit  is  a  Zybotecf) 

0 an try  Robot,  adapted  to  harness  forming  use.  It 
interfaces  with  the  wire  end  preparation  robots  by 
means  of  a  parking  rail  which  also  provides  a  pooling 
area  for  cartridges  in  order  to  overcome  production 
sequencing  discontinuities. 

Robot  02 :  This  unit  will  be  essentially  the  same 
as  the  robot  used  In  System  I.  It  will  be  sequenced 
to  operate  in  co-operation  with  Robot  fl  so  that  both 
robots  can  pick  cartridges  from  the  cartridge  loader 
without  colliding  and,  likewise,  to  park  cartridges 
on  the  parking  rail  of  the  Harness  Forming  Module. 


Autolacer :  Available  at  this  time  is  an  'Autoiacer'. 
This  is  a  device  which  carries  its  own  supply  of  tying 
cord  and  has  demonstrated  the  capability  of  lacing, 
automatically,  a  bundle  of  wires.  In  use  now  or.  i r.c u s ■ 
trial  harnesses,  it  will,  with  modification,  be  appl. :■ 
able  for  use  in  aircraft  applications.  Designed  for 
hand  use  it  can  be  adapted  for  robotic  operation. 
Alternatively,  at  least  two  varieties  of  ’guns’  are 
available  which  are  applicable  for  adaptation  for 
robot  use  for  the  application  of  plastic  bundle  ties- 

Host  Computer:  The  more  comprehensive  role  of  System  . 
dictates  the  need  for  a  host  computer  to  supervise  the 
system's  operation.  The  substantial  benefits  tc  be 
gained  from  computer  manipulation  of  the  mass  of  data 
needed  to  define  eacn  harness  to  be  made  on  this 
system  should  be  considered  when  sizing  the  computer 
system. 

Circuit  Tester;  Subsequent  to  forming  and.  preferacly 
before  tying  the  user  may  want  to  perform  a  complete 
circuit  test  for  continuity  and  high  potential  (hi-pot 
integrity.  Several  such  testers,  capable  of  operating 
at  nigh  speed,  are  available.  An  efficient,  economical 
proprietary  method  of  hooking  up  to  these  testers  is 
available  for  use  with  this  auto  system. 

Connector  Assembly:  This  term  is  meant  to  describe 
the  insertion  .f  the  wire  end  terminals  correctly  ir.tc 
che  recess  provides  ii»  the  mating  connector.  A  means 
for  icing  this  by  computer  control  is  known  to  the 
author  of  “his  paper-  It  will  provide  fcr  insertion 
at  both  ends  of  the  wire  being  runs  the  mechanism  is 
straight  forward  and  most  connectors  can  be  worked. 

■’  Connectors  requiring  back-she-l  threading  may  be  ar. 
exception.)  System  integration  requires  hardware 
wnich  is  additional  tc  the  forming  equipment. 

Proprietary  considerations  prohibit  further  disclosure. 


I mplementation 

Planning  Program t  It  nardly  needs  saying  that  the 
introduction  of  a  Wire  Harness  Assembly  Center  such 
as  is  described  in  this  paper  must  be  preceded  by  a 
careful  plan.  The  best  plan  will  develop  if  two  sets 
of  experts  are  involved!  the  customer,  who  knows  his 
needs  and  limitations  and  the  supplier,  who  knows  the 
system  and  the  options-  The  result  should  be  a  per¬ 
manent  record  which  will  provide  by  means  of  models, 
illustrations  and  text  a  comprehensive  reference  for 
the  continuing  use  of  concerned  executives,  engineers 
and  technicians.  It  should  set  the  timetable  and 
provide  the  necessary  background  on  the  various  system 
modules  and  their  roles.  It  should  include,  during 
planning,  key  affected  personnel  so  that,  with  their 
co-operation  the  plan  lays  the  groundwork  for  shop 
integration.  Disgruntled  worker?  have  many  monkey- 
wrenches* 

The  author  has  a  planning  program  outline  available. 
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aohn  Tarbox  earned  a  degree  in  Mechanical 
Engineering  some  time  ago  which  has  given  him 
a  chance  to  add  a  good  deal  of  practical  ex¬ 
perience  in  mechanical,  electrical,  electronic 
am!  svstems  engineering  si  net*  then. 

For  the  past  1 2  years,  his  main  effort  lias  been 
in  the  line  of  automating  electrical  wiring  and 
he  was  active  in  the  early  developments  at  Hoeing, 
Western  Fleet rie  and  Xvneties.  The  background 
for  this  paper  on  Automated  Fleet rical  Harness 
Matnifuct ur ing  comes  from  that  work  updated  with 
five  years  at  the  helm  of  a  small  companv  using 
a  computer  controlled  wire  forming  machine  of 
his  own  design  in  production  of  a  wide  range 
of  industrial  wire  harness  assemblies.  .John  has 
a  number  ot  patents  in  this  f ield--several  appli¬ 
cable  in  the  svstem  to  he  discussed  todav. 
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METAL  FORMING  AND  INSPECTION  CONTROL  FOR  CABLE  SHEATHING 


W.  D.  Bohannon,  Jr. 


0.  E.  West 


Western  Electric 
Norcross,  Georgia 


Abstract 

Development  by  Western  Electric  Company  has  resulted 
in  a  unique  quality  measurement  system  based  upon  the 
"percent  take-up"  and  "build-up"  of  a  cable  sheath. 
Percent  take-up  is  defined  as  the  amount  of  useable  metal 
remaining  in  the  cable  sheath  after  metal  forming  and 
Build-up  is  defined  as  the  amount  of  spacing,  due  to  the 
metal,  between  the  polyethylene  jacket  and  the  conductor 
core.  In  the  development  of  a  quality  control  system,  a 
direct  relationship  between  the  existing  shop 
specifications  and  the  new  specifications  involving  build¬ 
up  and  percent  take-up  were  established.  With  these 
requirements,  the  manufacturing  window  was  effectively 
doubled  and  the  quality  level  improved  in  cable  products. 
Resulting  parameters  are  measurable  in  all  finished 
products  and  provide  a  quick  feedback  of  cable  quality 
guaranteeing  a  quality  level  exceeding  the  present 
standards  (8 X  bend). 


Introduction 

In  an  examination  of  current  cable  specifications,  one 
requirement  reflects  a  standardization  of  performance 
testing.  This  requirement  is  the  "Cable  Bending  Test”. 
As  stated  in  REA  specification  PE-89: 

27.  Cable  Bending  Test1 

27.1  All  cables  manufactured  in  accord¬ 
ance  with  the  requirements  of  this 
specification  shall  be  capable  of 
meeting  the  following  bend  test: 

27.1.1  A  suitable  length  of  cable  shall  be 

bent,  with  the  shield  overlap  on  the 
outside  of  the  bend,  in  a  180  arc 
around  a  mandrel;  straightened,  bent 
180°  in  the  opposite  direction, 
completing  one  cycle;  the  specimen 
shall  be  straightened,  rotated  90  , 
and  a  second  cycle  of  bending  per¬ 
formed.  The  rate  of  bend  shall  be 
such  that  the  test  is  completed 
within  one  minute.  The  specimen 
shall  have  been  conditioned  for  a 
minimum  of  four  hours  at  -20  +/- 

2°C  and  shall  be  tested  at  this 
temperature,  or  immediately  upon 
removal  from  the  cold  chamber 
where  the  sample  has  been  condi¬ 
tioned,  providing  that  the  mandrel  is 


a  non-conducting  surface  such  as 
wood. 

The  mandrel  diameter  shall  be  as 
follows: 


Mandrel  Diameter 


Classification 

Non -Gopher 
Gopher 


27.3  The  cable  may  be  allowed  to  warm  to 
room  temperature  before  inspection. 
The  bend  area  of  the  cable  shall  show 
no  visible  evidence  of  fracture  of  the 
jacket.  After  removal  of  the  jacket, 
shield  and  armor,  there  shall  be  no 
visible  evidence  of  fracture. 

Though  the  mandrel  diameters  may  vary  (8 X  is  used  by 
WECo),  it  becomes  apparent  that  this  test  is  an  accept¬ 
able  standard  which  well  correlates  to  the  actual  installa¬ 
tion  requirements  (i.e.,  metal  shield  -  armor  construc¬ 
tion). 

With  this  final  performance  standard,  the  manufacturing 
engineer  is  faced  with  the  problem  of  guaranteeing  cable 
quality  and  developing  the  control  system  to  do  so.  The 
maintainable  level  of  quality  in  the  product  becomes 
directly  related  to  the  accuracy  and  the  time  constant  of 
feedback  data.  Assuming  adequate  process  stability,  a 
quick  concise  quality  measurement  system  is  needed  in 
order  to  precisely  control  metal  forming  process.  Since 
the  "bend  test”  requires  four  hours  for  sample  stabiliza¬ 
tion,  this  is  quickly  denounced  as  a  process  control 
measurement. 

The  past  method  of  pre  ’ess  control  used  by  Western 
Electric  Company  was  based  upon  a  relationship  of  two 
measurements:  corrugation  depth  and  corrugation  count. 

Corrugation  Depth:  Depth  of  corrugated  metal  prior  to 
metal  forming  process. 


CORRUGATION  DEPTH 


Figure  1. 
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Corrugation  Com -  Number  of  corrugations  per  inch 
remaining  after  r  elal  forming  (averaged  over  5"  sample). 


/ 

Figure  2. 

This  system  appears  to  be  adequate,  but  one  fault  in  this 
measurement  control  system  should  be  noted:  The  origin¬ 
al  corrugation  depth  measurement  is  destroyed  in  the 
metal  forming  process.  This  change  makes  it  unavailable 
as  an  end  product  cheek  point.  When  an  effort  was  made 
by  the  W’ECo  Cable  and  Wire  PECC  to  improve  cable 
sheath  quality,  this  problem  with  the  corrugation  depth  - 
count  system  was  recognized  as  insurmountable.  Since 
the  specified  corrugation  depth  was  not  measurable  in  the 
end  product,  the  controlling  parameter  became  corruga 
tion  count.  This  single  variable  was  an  inadequate  control 
for  guaranteeing  uniform  quality.  It  was  deemed  neces¬ 
sary  to  develop  a  new  process  control  system. 

Solution  Synthesis 

The  development  of  a  new  quality  control  system  began 
with  a  study  of  cable  failures.  The  primary  objective  was 
to  identify  the  sheath  failure  mode  (i.e.,  failure  mode  of 
corrugated  metal(s)  when  subject  to  repetitive  bend  test 
cycles).  The  conclusion  was  that  the  cable  fails  in  a 
compressive  mode;  therefore,  the  ultimate  quality  test 
would  be  a  compressive  test  of  the  formed  metal. 


1"  Diameter  Buckle 


3”  Diameter  Buckle 


Figure  3B. 

(Ref.  2) 

Prior  to  the  search  for  a  test  method,  certain  design 
criteria  were  set  to  aide  in  its  selection.  Assuming  an 
increase  in  the  product  quality  control  is  required  and  the 
actual  testing  will  be  performed  in  the  plant  environment, 
the  following  criteria  were  established:  The  test  must  be 
quick,  concise,  reliable  Rnd  durable.  In  the  search  and 
evaluation  of  "standard  compressive  tests",  no  unique  test 
was  found  which  met  all  the  design  criteria.  Therefore,  a 
decision  was  made  to  establish  new  control  parameters. 

To  gain  more  understanding  of  the  effect  corrugation  has 
upon  metals,  a  number  of  experiments  were  undertaken. 
First,  metal  tapes  were  marked  in  10"  lengths.  The  tapes 
were  corrugated  (using  10  corr./in.  rollers)  into  strips  of 
various  corrugation  depths.  Each  tape  was  cut  to  1-1  2” 
widths,  then  tensile  tested  on  an  Instron.  The  elongation 
versus  force  data  were  graphed. 


Figure  3A. 
(Ref.  2) 
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Figure  4  for  Steel 
(Ref.  2) 


Such  a  graph  is  shown  above.  The  following  points  are  of 
significance: 

1.  The  corrugated  metal,  in  the  initial  stage  of 
elongation,  acts  as  a  spring  member. 

2.  The  force  required  to  for m  metal  into  a  circu¬ 
lar  configuration  exceeds  this  "spring  region" 
capability. 


UK  fW.li!, 
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Figure  5. 

It  was  concluded  that  in  the  final  cable  the  only  measur¬ 
able  parameters  were  the  amount  of  metal  in  the  corruga¬ 
tions,  the  final  corrugation  count  and  depth  and  the 
diameter  over  the  formed  metals.  The  studies  outlined 
above  indicated  that  a  relationship  exists  among  these 
parameters.  It  was  decided  to  develop  a  quality  control 
System  around  these  parameters  and  relationships. 

New  Quality  Control  System 

The  quality  control  system  is  based  upon  two  parameters: 
"Percent  take-up"  and  "Build-up". 

The  first  parameter,  "Percent  take-up",  is  defined  as  the 
amount  of  useable  metal  remaining  in  the  cable  after  the 
forming  process.  The  test  procedure  requires  cutting  a 
sample  from  the  finished  cable  metal  tape(s)  of  a 
specified  length  (1.). 


t  JIiAl 
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coon; 
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3.  Corrugation  of  metals  has  a  "work  hardening 
effect"  on  them  due  to  corrugation  stretch. 
The  stretch  is  approximately  2%  to  4%, 
depending  on  depth  (see  Figure  8). 

From  metal  forming  trials  it  was  concluded  that  there 
exist  two  relationships  of  significance  in  the  metal  tape 
forming  sequence.  The  first  is  an  'averse  relationship 
between  tape  width  and  minimum  forming  force.  The 
second  is  a  direct  relationship  of  the  tape  width  to  the 
corrugation  count  required  to  prevent  formed  metal  from 
springing  open  upon  exiting  the  forming  die. 


Figure  6. 

A  tensile  force  equal  to  the  yield  point  for  the  raw 
material  is  applied  to  this  sample  (see  Figure  8).  (Note 
this  is  not  the  yield  point  of  the  corrugated  material 
because  it  has  been  "work  hardened"  by  the  corrugation 
process.)  The  sample  is  then  remeasured  at  some  value  L 
+  AL,  AL  being  the  elongation. 


Figure  7. 
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The  "percent  take-up"  is  thus  defined  as  (.'  L  /  L)  X  100%. 
This  procedure  leaves  less  than  1%  of  useable  corrugation 
in  the  sample.  However,  this  must  be  left  in  order  to 
insure  the  metal  does  not  yield  while  being  straightened. 
These  characteristics  of  the  metal,  before  and  after 
corrugation,  are  illustrated  in  Figure  8.  This  data  is  from 
the  study  conducted  to  verify  the  "percent  take-up" 
measurement.  It  shows  that  this  approach  will  insure 
ample  amounts  of  corrugated  metal  in  the  cable  to  meet 
the  "bend  test". 


The  second  control  parameter  is  the  "build-up"  of  the 
cable.  Build-up  is  the  amount  of  spacing,  due  to  metal, 
between  the  polyethylene  or  PVC  jacket  and  the 
conductor  core.  The  measurement  procedure  is  as 
follows:  First,  remove  the  jacket  and  measure  the 
diameter  over  the  metal  (DOM).  Next,  remove  the  metal 
shield  and/or  armor.  (Note:  These  pieces  are  then  used  in 
the  aforementioned  test  for  percent  take-up.)  Now 
measure  the  diameter  over  the  core  wrap  (DOCW).  Build¬ 
up  is  defined  as  diameter  over  metal  minus  the  diameter 
over  core  wrap: 


POLYETHYLENE  /  PYC 
jacket 


metal ts) 


COKE 


The  build-up  control  parameter  serves  two  purposes.  The 
first  is  as  a  check  of  forming  equipment  and  proper 
tooling.  The  second  and  the  most  important  is  to  assure 
proper  control  of  the  sheath  buckling  phenomenon.  (See 
Ref.  3  for  sheath  buckling  information.) 

Establishment  of  Target  Control  Parameters 

4 

With  the  control  parameters  defined,  a  study  was 
conducted  to  correlate  percent  take-up  and  build-up 
measurements  with  the  8X,  3  cycle  test.  The  resulting 
target  parameters  were  established  to  assure  passing  the 
bend  test  with  100%  certainty. 

Check  of  Solution 


With  the  establishment  of  these  target  control 
parameters,  an  in-depth  trial  was  conducted  at  Western 
Electric  Atlanta  Works.  The  intent  of  this  study  was  to 
correlate  the  old  control  parameters  (corrugation  count 
and  depth)  with  the  new  control  parameters  (build-up  and 
percent  take-up)  and  to  compare  the  performance  of 
each.  In  this  study,  a  sample  of  each  cable  manufactured 
under  the  new  specification  was  tested  and  stored  for  a 
one-year  period  for  further  testing.  These  cables  were 
monitored  during  the  installation  process  to  identify  cable 
sheath  performance  failures.  Partial  results  of  the  study 
are  in  Figures  10-12. 


BU  =  DOM  -  DOCW 
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Figure  10.  \ 


Figure  12. 

Note:  "Shop  requirements"  are  initialization  parameters 
for  the  sheathing  line  operator  to  use  in  line  set-up. 

Results 

From  the  aforementioned  trial  results,  two  points  should 
be  highlighted.  The  first  is  that  no  defects  or  failures 
were  reported  on  cables  made  during  trials.  The  second  is 
that  the  "manufacturing  window"  has  essentially  doubled 
as  shown  by  Figure  11.  (The  old  requirement  was  .037  +/- 
.002  inches  depth  and  9.1  minimum  count  which  restricted 
manufacture  to  the  right  half  of  the  curve.)  With  these 
positive  results  the  final  requirements  were  developed  for 
implementation.  These  requirements  are  shown  in  Figures 
13-16. 


Figure  11. 
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%  Take-up,  Aluminum 
Figure  14. 


Build-up,  Double  Metal 
Figure  16. 
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Conclusions 


WECo  has  developed  a  quality  control  system  which  is 
comprised  of  two  measurements:  percent  take-up  and 
build-up.  The  resulting  control  system  is  superior  to  the 
old  standard  and  is  more  reliable,  concise  and  durable. 
The  end  requirements  have  doubled  the  manufacturing 
window  and  improved  the  oven.ll  quality  level  of  WECo 
product.  If  compared  to  the  "Bend  Test",  the  percent 
take-up/build-up  system  yields: 

1.  A  quantative  measurement  of  cable  perform¬ 
ance,  not  a  pass-fail  result. 

2.  Faster  test  time  (5  minutes  compared  to  4 
hours). 

3.  A  test  method  which  can  be  performed  on  any 
cable  after  manufacture,  installation,  etc., 
with  results  implicating  facts  about  metal 
forming  during  manufacture. 

4.  A  complete  test  of  parameters  which 
determine  both  bending  performance  and 
buckling  performance. 

The  resulting  system  has  completely  resolved  field 
complaints  involving  sheath  performance  failures.  There¬ 
fore,  it  is  recommended  that  this  system  be  incorporated 
into  REA  and  International  Specifications. 
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ABSTRACT 

A  computerized  feedback  control  system 
was  developed  at  the  pulp  insulating 
stage  as  a  first  step  to  improve  the 
uniformity  of  the  pulp  insulation.  The 
objective  is  to  assure  a  consistent 
average  mutual  capacitance  of  83+4 
nF/mile  and  a  capacitance  deviation  of 
better  than  4%  particularly  for  higher 
pair  density  type  cables.  The  system 
consists  of  a  microcomputer  controlled 
diameter  scanner  and  moisture  measurement 
system  for  each  pulp  line.  Control  of 
oven  temperatures  and  water  applicator 
is  effected  at  a  central  computer  based 
on  average  values  transmitted  by  the 
microcomputer.  Better  pulp  insulation 
density  control  is  achieved  by  increased 
sampling  of  weight  per  foot  coupled  with 
automatic  regulation  of  pulp  flow  to  each 
machine  as  a  function  of  consistency.^ 
Significant  improvements  have  been  maSe 
in  cable  quality,  and  as  a  result  °r  tne 
continuous  per  wire  monitoring  capability 
of  the  system,  the  way  is  open  for  further 
improvement  in  capacitance  deviation. 


1 .  Introduction 

The  use  of  pulp  insulated  cables, 
which  were  originally  designed  for 
voice  transmission,  has  been  expanded 
to  include  applications  involving 
higher  transmission  frequences  result¬ 
ing  in  a  need  for  tighter  control  of 
transmission  parameters.  They  now 
have  application  in  the  field  of 
exchange  cables  where  the  use  of  the 
DS1  Rate  PCM  systems  has  proliferated. 
Even  today  pulp  cables  offer  the 
telephone  operating  company  consider¬ 
able  advantage  in  terms  of  cost  and 
size,  in  addition  to  ease  of  failure 
detection  and  blocking  characteristics 
in  the  case  of  water  penetration. 

By  comparison,  foam  insulated  grease 
filled  cables  which  meet  the  require¬ 
ment  of  improved  transmission 
characteristics  incur  a  considerable 
penalty  in  terms  of  price  and  pair 
density. 


'"his  paper  describes  computerized 
feedback  control  system  developed  for 
the  insulatina  stage  of  pulp  cable 
manufacture  in  order  to  ensure  the 
uniformity  of  the  pulp  insulation 
and  thereby  improve  transmission 
characteristics . 

2 .  Cable  Parameters 

All  transmission  characteristics 
includincr  impedance,  attenuation  and 
crosstalk  depend  on  the  uniformitv  of  th° 
insulated  conductors.  A  measure  of  the 
degree  of  uniformity  can  be  obtained 
from  the  average  mutual  capacitance  of 
the  cable  and  the  deviation  of  the 
capacitance  of  pairs  within  the  cable. 

Average  mutual  capacitance  has  tradit¬ 
ionally  been  specified  for  the  control 
of  cable  manufacture  since  it  can  be 
readily  tested  on  the  finished  cable 
product. 

DS1  rate  systems  require  an  averaae 
mutual  capacitance  of  cables  of  83  + 

4  nF/mile  with  a  narrow  spread  about 
the  nominal,  and  a  capacitance  deviation 
of  better  than  4%.  The  existing 
installed  pulp  network  does  not  always 
meet  both  of  these  requirements  and 
hence  problems  have  been  experienced 
due  to  increased  attenuation  losses, 
and  an  increase  in  the  cable  generated 
noise  level  which  necessitates  shortened 
repeater  spacinqs  and/or  selection  of 
pairs  for  pCH  applications. 

mhe  need  for  cables  of  consistent 
quality  better  suited  to  installation  in 
PCM  systems  provided  the  impetus  to  the 
development  and  installation  of  a 
computerized  control  system  on  our  pulp 
insulating  lines. 
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3 .  Pulp  Cable  Manufacture 

The  various  processes  in  the 
manufacture  of  pulp  cables  will  be  briefly 
reviewed  to  indicate  the  sources  of 
variations  in  average  mutual  capacitance 
and  capacitance  deviation.  Figure  1 
shows  the  various  manufacturing 
operations. 
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FIGURE  1 
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FIGURE  2 


4 .  Mutual  Capacitance 

Referring  to  Figure  3,  mutual 
capacitance  mainly  depends  upon  the 
spacing  of  the  conductors  of  a  pair  and 
the  dielectric  constant  of  the  insulation. 


The  bare  conductors  are  first  insulated 
on  one  of  sevcr.c  60-wire  pulp  insulating 
lines,  and  then  twisced  in  pairs  with 
twist  lengths  according  to  the  color 
combination.  The  twisted  pairs  origin.- ~ 
ing  from  one  or  more  insulating  lines 
are  stranded  together  into  units  of  50  or 
100  pairs  which  are  cabled  together  and 
covered  with  a  core  wrap  tape.  The  core 
is  subsequently  dried  under  vacuum  in 
a  "dome"  drier  shortly  before  sheathing. 

For  most  applications  the  standard 
Stalpeth  sheath  construction  is  used  as 
shown  in  Figure  2. 


PARAMETERS  AFFECTING  MUTUAL  CAPACITANCE 


THE  MUTUAL  CAPACITANCE  OF  A  PAIR  DEPENOS  PRIMARILY 
UPON  THE  SPACING  SETWEEN  CONDUCTORS  AND  THE 
PERMITTIVITY  OF  THE  INSULATION. 


FIGURE  3 
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The  spacing  between  the  conductors  of  a 
particular  pair  depends  on  the  diameter 
of  the  individual  insulated  conductors 
and  the  amount  of  deformation  occurring 
in  subsequent  processing.  The  dielectric 
constant  of  the  insulation  depends  on 
the  density  of  the  pulp  insulation  and 
again  upon  the  amount  of  deformation 
caused  by  machine  tension  and  die  sizes 
at  twisting  and  stranding.  The  degree 
to  which  the  insulation  will  accept 
permanent  deformation  also  depends  on 
the  amount  of  moisture  left  in  the 
insulation  after  the  insulating  process. 
These  relationships  are  summarized  in 
Figure  4. 


The  integrated  computer  system,  which 
controls  all  pulp  machines  simultaneously, 
is  based  on  continuous  monitoring  of 
diameter  and  moisture  of  the  pulp 
insulation  and  on  a  semi-automated 
control  of  weight/foot.  Improved  diameter 
control  at  this  stage  also  simplifies 
selection  of  die  sizes  at  subsequent 
operations.  Further  improvement  in  the 
average  mutual  capacitance  level  can  be 
obtained  by  improving  tension  control 
at  the  twisting,  stranding,  and  cable 
stages . 

5.  Pulp  Insulating 

Sixty  wires  are  insulated 
simultaneously  on  each  pulp  machine  at  a 
speed  in  the  order  of  200  fpm  (Figure  5) . 
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FIGURE  5 


FIGURE  4 


Therefore  to  ensure  the  uniformity  of 
mutual  capacitance  from  pair-to-pair  it 
is  necessary  to  start  at  the  first 
manufacturing  operation  and  to  control 
the  insulated  conductor  diameter,  density 
of  pulp  and  moisture  content  at  the 
insulating  process.  Any  non-uniformities 
created  during  insulating  cannot  be 
corrected  during  subsequent  operations. 


A  flat  ribbon  of  pulp  is  formed  on  the 
machine.  Some  of  the  water  is  squeezed 
out  of  the  pulp  ribbons  by  press  rolls 
before  they  are  wrapped  around  the 
conductors  by  high  speed  rotating  polishing 
dies  to  form  a  continuous  layer  of  pulp 
on  each  individual  conductor.  The 
insulated  conductors  are  then  passed 
through  a  three-zone  oven  to  dry  them 
prior  to  take-up  on  the  process  reels. 
During  this  operation  a  number  of 
parameters  are  monitored  and  used  along 
with  the  results  of  tests  performed  on 
completed  reels  of  wire  to  make  adjustments 
to  the  process.  In  these  tests  a  sample 
of  wire  is  taken  from  each  of  10  reels 
and  the  average  diameter,  moisture,  and 
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wieght  per  foot  are  obtained.  Since  reel 
changeovers  occur  every  two  or  three  hours 
depending  on  the  wire  gauge,  and  results 
of  tests  are  dependent  on  the  skill  of  the 
operator,  manual  control  tends  to  be 
somewhat  of  an  art. 

6 •  Computer  Controlled  Pulp  Insulating 

The  computer  control  system  employs 
continuous  monitoring  of  trie  pulp  slurry 
consistency  (pulp/water  ratio)  at  the 
applicator  vat,  and  monitoring  of  the 
diameter  and  moisture  level  of  the 
insulated  conductors  via  a  microprocessor 
regulated  system.  In  addition  there  is 
increased  sampling  of  the  pulp  insulation 
weight/foot  values.  Automatic  regulation 
of  the  process  is  carried  out  at  a  central 
facility  with  easy  override  by  the  operator 
should  the  process  necessitate  it.  At 
the  heart  of  the  system  is  a  Honeywell 
TDC  2000  industrial  control  computer 
where  display  and  control  programs  reside. 
Figure  6  shows  an  overview  of  TDC  2000. 


Zone  #1  temperature 
Zone  #2  temperature 
Zone  #3  temperature 
Pulp  flow 

Average  insulated  wire  diameter 
Average  moisture  level 

Water  applicator  pressure 
Line  speed 
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In  addition  the  basic  controller  can 
store  up  to  72  hours  of  hourly  averages 
of  these  parameters  (Figure  8). 


FIGURE  6 


The  TDC  2000  system  consists  of  standard 
modular  building  blocks  (Basic  Controllers) 
linked  together  by  a  coaxial  cable  (the 
Data  Highway)  into  an  integrated  structure. 
Each  Basic  Controller  contains  a  micro¬ 
processor  with  its  own  "firm  ware"  and 
data  base,  and  they  are  linked  to  the 
operating  station  (screen  and  keyboard) . 
There  is  one  basic  controller  per  pulp 
machine  (distributed  control)  and  the 
operating  station  is  backed  up 
continuously  by  a  "Data  Entry  Panel". 

The  operating  station  displays  for  each 
basic  controller  (Figure  7)  the  following 
eight  parameters  for  monitoring  and 
control  purposes: 
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The  system  is  interlinked  to  the  field 
monitors  as  shown  in  Figure  9.  The  user 
computer  allows  periodic  printouts  of 
diameter  and  moisture  to  be  obtained  as 
well  as  providing  a  means  of  historical 
data  storage. 


FIGURE  9 


The  control  strategy  used  by  the  system 
is  as  follows. 

The  flow  of  the  water/pulp  mixture  is 
regulated  continuously  according  to  the 
consistency  of  the  mixture  in  order  to 
introduce  a  constant  rate  of  pulp  fibers 
during  the  application  of  the  pulp  to 
the  conductors.  The  level  of  flow  is 
additionally  changed  by  the  operator 
according  to  the  average  weight/foot  of 
insulation,  manually  measured  at  every 
reel  changeover.  The  average  diameter 
of  the  60  wires  is  automatically 
measured  by  a  Laser  measurement  system 
at  the  exit  of  the  ovens  -  this  is  used 
to  make  automatic  adjustment  to  the  first 
zone  temperature  and  to  the  water 
applicator  pressure  (located  at  the 
entrance  to  the  ovens)  thereby  altering 
the  degree  of  "blowing"  out  of  the 
insulation  when  the  moisture  violently 
boils  out.  This  combination  of  average 
diameter  control  and  average  weight/foot 
control  translates  into  an  effective  pulp 
density  control  which  directly  influences 
the  dielectric  constant  of  the  insulation. 
Finally  the  average  temperature  of  the 
last  two  oven  zones  is  regulated  based 
on  feed  back  from  an  on-line  moisture 
monitor  and  thereby  the  average  moisture 
level  remaining  in  the  insulated  wires 
can  be  controlled. 


Figure  10  shows  a  schematic  representatio 
of  the  control  scheme. 


FIGURE  10 


In  addition  to  the  control  capability  of 
the  system,  production  reporting  and 
continuous  trending  of  process  parameters 
allows  rapid  diagnosis  of  operating 
problems  (Figure  11) . 
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6 . 1  Diameter  Monitoring  System 

The  diameter  measurement  system  is 
based  on  a  lazer  diameter  monitor  mounted 
on  a  yoke  and  scanning  horizontally  over 
each  of  the  wires  in  turn  (Figure  12) . 

The  scanner  is  driven  by  a  microprocessor 
system  which  positions  the  emitter  over 
each  wire  successively,  spending  10 
seconds  on  each  wire  to  obtain  an  average 
value  per  wire.  At  the  end  of  the  60 
wire  traverse,  the  average  of  the  60 
diameters  is  computed  and  transmitted 
to  the  TDC  2000  which  updates  the 
displayed  value  and  uses  it  for  regulation. 


per  wire,  and  the  microprocessor  drives 
£  stepper  switch  to  connect  each  pair  of 
pulleys  in  turn  to  an  electronic  circuit 
which  measures  the  insulation  resistance 
across  the  pulp  insulation  from  which 
a  moisture  level  value  is  obtained.  Each 
reading  is  taken  over  a  20  second  time 
period  permitting  an  average  per  wire 
to  be  obtained,  and  the  overall  average 
of  the  60  wires  is  transmitted  to  the 
TDC  2000  at  the  end  of  each  scan. 

Figure  14  shows  the  diameter  scanner  and 
the  moisture  monitor  pulley  system. 


6 . 2  Moisture  Monitoring  System 

A  continuous  feedback  system  is 
required  to  control  pulp  insulation 
moisture  content.  Equipment  to  perform 
this  was  developed  based  on  the  principle 
of  a  continuous  insulation  resistance 
measurement.  There  are  60  pairs  of 
pulleys  (as  shown  in  Fig.  13) ,  one  pair 


FIGURE  14 


7.  Improvements  of  Mutual  Capacitance 

The  system  has  proven  to  be  very 
effective  in  controlling  the  various 
parameters  to  tight  tolerances.  Typical 
average  improvements  of  diameter,  moisture 
and  density  spread  were  50%,  40%,  and 
40%.  The  capability  of  producing  pulp 
cables  with  a  tight  control  of  mutual 
capacitance  over  a  wide  range  of  pulp 
insulation  densities  has  been  established. 
This  is  of  particular  importance  in 
producing  a  full  line  of  pulp  cables 
with  increased  pair  count  density. 


In  addition,  the  system,  by  its 
continuous  wire  to  wire  monitoring 
capability,  permits  some  lateral  control 
to  be  manually  exercised  over  the  process, 
and  the  way  is  open  for  a  more 
sophisticated  lateral  control  system  to 
be  implemented. 
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Summary 


A  computer  system  for  the  control  of  the 
pulp  insulating  process  has  been 
successfully  developed  and  has  demonstrated 
substantial  improvement  in  the  control 
of  pulp  insulating  parameters  under  full 
production  conditions.  This  coupled  with 
manufacturing  improvements  to  subsequent 
cable  operations  has  been  shown  to  produce 
cables  which  meet  more  stringent  require¬ 
ments  for  optimum  DS1  rate  PCM  applications . 
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Abstract 

We  have  developed  the  optical  fiber 
composite  overhead  ground  wire  and  have 
applied  the  wire  to  the  over;  ad  power 
transmission  line  for  the  purpose  of  tele¬ 
communication  systems  and  lightning  obser¬ 
vation  system.  The  total  system  length  is 
about  14  km.  The  optical  fiber  cable  is 
inserted  into  the  aluminum  pipe  settled  in 
the  center  of  the  ground  wire.  Because 
there  is  a  gap  between  the  optical  cable 
and  the  aluminum  pipe,  the  optical  fiber 
cable  can  be  replaced  to  other  optical 
cable  without  replacing  the  ground  wire 
when  larger  capacity  telecommunication 
system  is  need  or  the  fiber  is  failed  due 
to  some  accident.  Cabling,  installation 
and  jointing  of  the  optical  fiber  composite 
overhead  ground  wire  have  been  successfully 
carried  out,  and  average  loss  of  the  ground 
wire  and  average  splice  loss  using  arc- 
fusion  splicing  have  been  obtained  less 
than  0.7  dB/km  and  less  than  0.1  dB, 
respectively. 


1.  Introduction 

Optical  fiber  telecommunication 
systems  have  been  recently  applied  to 
various  fields  because  of  the  properties  of 
low  loss,  wide  bandwidth,  no  electomagnetic 
intereference ,  small  diameter  and  so  on. 
Especially,  it  seems  to  be  advantageous  to 
realize  optical  fiber  telecommunication 
systems  using  overhead  power  transmission 
lines  which  have  been  installed  over  long 
distance  and  wide  area. 

We  have  developed  the  optical  fiber 
composite  overhead  ground  wire  to  relize 
these  systems.  Considering  to  combine  the 
optical  fiber  cable  to  the  overhead  ground 
wire,  it  seems  to  have  many  merits  that  the 
optical  fiber  cable  inserted  in  to  the 
overhead  ground  wire  can  be  replaced  with 
another  optical  fiber  cable  without 
replacing  the  ground  wire  when  larger 
capacity  telecommunication  system  is  need 
or  the  fiber  is  failed  due  to  some 
accident.  One  of  the  peculiarities  of  our 
newly  developed  optical  fiber  composite 
overhead  ground  wire  is  replaceable  of  the 
optical  fiber  cable.  Further,  ground  wire 
is  exposed  to  severer  conditions  than 
usually  used  optical  fiber  cable  such  as 


wider  temperature  range  and  larger  strain. 
It  is  necessary  that  optical  fiber  cable 
combined  to  the  ground  wire  must  be 
withstand  these  severe  conditions. 

In  this  paper,  development  and 
properties  of  our  newly  developed  optical 
fiber  composite  overhead  ground  wire  are 
discribed  and  application  of  this  ground 
wire  is  also  reported. 


2.  Development  of  the  optical  fiber 

composite  overhead  ground  wire  (OPT/GW) 
2-1  Design  of  the  overhead  ground  wire 
The  overhead  ground  wire  which  is 
conbined  to  the  optical  fiber  has  been 
designed  considering  the  following  matters. 

(1)  Weight,  diameter,  tensile  strength  and 
electric  resistance  should  be  almost  equal 
to  those  of  the  conventional  overhead 
ground  wire. 

(2)  Straight  and  smooth  aluminum  pipe  is 
settled  at  the  center  of  the  overhead 
ground  wire  in  order  to  replaceable  of  the 
optical  fiber  cable. 

(3)  Inner  diameter  of  this  pipe  is  as 
large  as  possible. 

(4)  This  pipe  should  be  prevented  from 
being  collapsed  by  lateral  pressure  due  to 
installation  and  clamping  of  the  ground 
wire. 


Hard  aluminum  pipe 

Aluminum  clad  steel 
wire 

Segmented  and  grooved 
aluminum  alloy 

Outer  diameter  17.4mm 


Fig.  1  Structure  of  the  overhead  ground 
wire  in  which  optical  cable  is  inserted 


Fig.  1  shows  the  structure  of  the 
designed  overhead  ground  wire  considering 
these  matters.  Hard  aluminum  pipe  with 
inner  diameter  of  3.8  mm  is  settled  at  the 
center  of  the  wire.  The  aluminum  pipe  is 
manufactured  by  following  methods. 

An  aluminum  tape  is  formed  by  roll  forming 
into  a  pipe  and  continuously  seamed  by  arc 
welding.  This  seamed  pipe  is  drawn  to  a 
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Tat  If  1  Curuct  er  i ?t  ics  cf  the  overhead 
around  wires 


Type 

OPT/GW 

Usual  type 

Tensile  strength 

11100kg 

11150kg 

Outer  j  i  voter 

1 7  >  4  nun 

1 7 . 3 mm 

Weigh t 

794 . 4kq/krr. 

845. fcko/km 

Resistance ( 2 0  0 C ) 

0 . 2  2  0  r./km 

0.29  3 '.'./km 

Table  1  shows  the  characteristics  of 
the  developed  overhead  ground  wire  as 
compared  with  conventional  overhead  ground 
wire.  And  fig.  2  shows  the  photograph  of 
the  both  around  wires. 


Fig.  2  Photograph  og  the  overhead  ground 
wires 

2-2  Design  of  the  optical  fiber  cables 

Graded  index  optical  fibers  are  used 
for  investigation  of  the  optical  fiber 
composite  overhead  ground  wire.  Core 
diameter  and  fiber  diameter  are  50  pm  and 
125  pm,  respectively,  and  refractive  index 
difference  is  1  %.  Concerning  the  design 
of  the  optical  fiber  cable  which  is 
inserted  into  the  overhead  ground  wire,  the 
following  matters  are  considered. 

(1)  Outer  diameter  of  the  optical  fiber 
cable  shi  id  be  as  small  as  possible  for 


Galvanized  steel 

Silicone  coated  ■ 
f  iber 

Heat  resistant  p 
Silicone  rubber 
Kevlar  4  9P  braid 
Outer  diameter 


Type- A  Optical  fiber  cable 


Galvanized  steel  wire 

Silicone  coated  optical 
fiber 

Heat  resistant  plastic 
Outer  diameter  1 .  Sr-m, 


Tvpe-B  optical  fiber  cable 

Fig.  3  Structures  of  the  optical  fiber 
cable  inserted  into  the  ground  wire 


the  purpose  of  the  replacement. 

(2)  Friction  between  optical  fiber  cable 
nr.d  aluminum  pipe  should  be  small. 

(3)  Optical  fiber  cable  must  withstand 
severe  conditions  of  wide  temperature  range 
and  large  strain. 

(4)  Almost  no  loss  increase  of  the  fibers 
must  be  obtained  during  cabling  and 
installation. 

Fig.  3  shows  the  structures  of 
designed  optical  fiber  cables  considering 
those  matters.  Tvpe-A  is  designed  mamlv 
laying  emphasis  on  withstanding  wide 
temperature  range.  Optical  fibers  whic.. 
are  coated  with  silicone  resin  are  stranueJ 
around  a  galvanized  steel  wire  and  heat 
resistant  plastics  are  coated  on  the  fiber 
strand.  Furthermore,  silicone  rubber  is 
coated  on  the  stranded  and  coated  fibers. 
Because  silicone  rubber  does  not  melt  at 
high  temperature,  this  cable  is  not 
deformed  at  high  temperature  larger  than 
350°C  in  a  short  time,  and  transmission 
characteristics  of  the  fiber  is  stable. 


Fig.  4  Loss  increase  at  nigh  temperature 
of  the  Type-A  optical  fiber  cable 
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Fig.  5  Loss  increase  at  low  temperature 
of  the  Type-A  optical  fiber  cable 


Fig.  4  shows  the  loss  increase  ot  tne 
optical  cable  at  high  temperature.  This 
cable  is  also  stable  at  low  temperature  as 
shown  in  fig.  5.  For  the  purpose  of  the 
replacement  of  the  optical  fiber  cable, 
Kevlar  49  are  braided  as  a  tension  member 
and  as  reduction  of  the  friction. 

On  the  other  hand,  Type-B  is  designed 
mainly  laying  emphasis  on  replacement  of 
the  cable.  Silicone  coated  optical  fibers 
and  galvanized  steel  wires  as  a  tension 
member  are  stranded  and  coated  with  heat 
resistant  and  small  friction  plastic.  This 
cable  can  not  withstand  higher  temperature 
than  that  which  is  a  melting  point  of  the 
plastic.  But  using  heat  resistant  plastic, 
this  cable  is  stable  at  the  temperature  of 
250rC  in  short  time,  as  shown  in  fig.  6. 
Concerning  replacement  of  optical  cable, 
Type-B  is  expected  to  be  easier  than  Type-A 
because  diameter  and  friction  of  Type-B  is 
smaller  than  Type-A. 


Fig.  6  Loss  increase  at  temperature  of 
the  Type-B  optical  fiber  cable 


3.  Insertion  test  of  the  optical  fiber 
cable  into  the  overhead  ground  wire 
Insertion  test  of  the  optical  fiber 
cable  into  the  overhead  ground  wire  was 
carried  out  for  the  purpose  of  prospecting 
to  replace  the  optical  fiber  cable.  Fig.  7 
shows  the  outline  of  the  insertion  test. 

The  overhead  ground  wire  in  which  lead  wire 
is  settled  was  previously  installed  as 
shown  in  fig.  7.  Two  types  of  the  optical 
fiber  cables  were  used  for  the  insertion 
test.  Insertion  length  was  about  400  m. 

In  this  test,  pulling  tension  and  loss 
increase  of  the  optical  fiber  cable  were 
measured. 

Table  2  shows  the  results  of  the  insertion 
test.  Maximum  pulling  tentions  of  Type-A 
and  Type-B  are  13  kg  and  6  kg, 
respectively.  Loss  increase  of  both  cables 
are  scarecly  observed.  As  a  result,  both 
of  the  optical  fiber  cables  are  obtained  to 
be  replaceable.  However,  Type-B  is  more 
advantageous  for  long  span  insertion  into 
overhead  ground  wire  than  Type-A  unless 
required  condition  of  the  temperature  is 
higher  than  250  C. 


Fig  7  Outline  of  the  insertion  test  of 
the  optical  fiber  cable 


Table  2  Results  of  the  insertion  test  of 
the  optical  fiber  cables 


Cable  type 

Type-A 

Type-B 

Pulling  tension 

13  kg 

6  kg 

Average  loss 
increase  of  the 
optical  fiber 

0 . OldB/km 

0 . 02dB/kn 

4.  Application  of  the  optical  fiber 
composite  overhead  ground  wire 
Various  mechanical  tests  for  the 
optical  fiber  composite  overhead  ground 
wire  were  carried  out  such  as  installation 
test,  vibration  test,  galloping  test,  heavy 
load  test,  field  test  and  temperature  teat, 
and  good  results  have  been  obtained.  After 
these  tests,  The  ground  wire  has  been 


applied  to  500  kv  overhead  power  transmis¬ 
sion  line  (  presently  oparating  at  275  kv) 
tor  the  purpose  of  the  lightning  system  and 
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However,  except  no.  4  steel  tower,  the 
optical  fiber  cable  of  1.1  km  long  could  be 
inserted  at  the  small  pulling  tension. 

After  insertion,  loss  of  the  fiber  was 
observed  not  to  increase  as  shown  in  table 
3. 

The  jointing  of  the  optical  fiber 
composite  overhead  ground  wire  was 
performed  at  the  top  of  the  steel  tower. 
Fig.  12  shows  the  jointing  method  at  the 
top  of  the  steel  tower.  After  clamping, 
the  ground  wire  was  wound  about  two  times 
in  the  steel  tower  and  optical  fiber  cable 
was  jointed.  Optical  fibers  are  spliced 
using  arc-fusion  splice  machine  which  has 
a  battery.  Fig.  13  shows  the  splicing  of 
the  fibers  at  the  top  of  the  steel  tower. 

In  spite  of  the  bad  operating  conditions  at 
the  top  of  the  steel  tower  such  as  cold, 
windy,  rainy  and  vibrated  conditions,  the 
arc-fusion  splice  was  performed  successful¬ 
ly  and  average  splice  loss  was  less  than 
0.1  dB. 

After  construction  of  the  optical 
fiber  composite  overhead  ground  wire,  loss 
change  of  the  fibers  have  been  observed. 
During  about  forty  days,  loss  changes  were 
observed  less  than  0.1  dB. 


Fig.  12  Jointing  of  the  OPT/GW  at  the 
top  of  the  steel  tower 


5,  Conclusion 

We  have  developed  the  optical  fiber 
composite  overhead  ground  wire  having  a 
property  that  optical  fiber  cable  can  be 
replaced  without  replacing  overhead  ground 
wire.  This  ground  wire  has  been  applied  to 
the  live  overhead  power  transmission  line 
without  any  problem.  We  believe  that 
optical  fiber  composite  overhead  ground 
wire  will  be  one  of  the  main  telecommuni¬ 
cation  media. 


Fig.  13  Photograph  of  the  arc-fusion 
splicing  of  the  OPT/GW  at  the 
top  of  the  steel  tower 
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GAMMA  IRRADIATION  CHARACTERISTICS  OF  OPTICAL  FIBERS 
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*Showa  Electric  Wire  and  Cable  Co.,  Ltd. 
**Toshiba  Research  and  Development  Center, 
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SUMMARY 

J  ’ 

The  characteristics  of  optical  fibers 
during  60  Co  y  irradiation,  i.e.  the  effect 
of  dopant,  OH  content,  dose  rate  and  tem¬ 
perature  were  investigated.  Moreover,  the 
model  which  presumes  the  effect  of  long 
term  use  from  the  result  of  short  term  ir¬ 
radiation  was  investigated.  The  range  of 
environment  and  a  type  of  fiber  which  could 
be  used  for  a  long  time  was  decided. 

From  experimental  results,  it  became 
clear  that  the  fiber  which  could  be  used 
in  radiation  exposed  area  was  only  pure 
silica  core  fiber.  Moreover,  the  increase 
of  transmission  loss  of  pure  silica  core 
fiber  was  able  to  be  explained  from  the 
model  of  color  center  formation  by  irradia¬ 
tion  and  from  the  dose  rate  dependence. 

The  increase  of  transmission  loss  of  pure 
silica  core  fiber  used  for  a  long  time  was 
presumed  quantitatively.  So  we  could  find 
the  guide  of  optical  fi^r  cable  design  for 
long  time  use  in  radiation  exposed  area. 

In  addition,  the  degradation  of  mecha¬ 
nical  strength  by  irradiation  was  investi¬ 
gated. 


INTRODUCTION 

Optical  fiber  is  rapidly  being  deve¬ 
loped  to  operate  in  nuclear  environments 
because  of  its  low  loss  and  high  band¬ 
width.  For  this  purpose,  it  is  essential 
to  know  how  radiation  affects  transmission 
properties  and  mechanical  strength  of 
fibers.  Optical  communication  systems 
used  in  an  atomic  power  plant  will  be  re¬ 
quired  to  withstand  exposure  to  nuclear 
environments.  Although  radiation-induced 
loss  in  optical  fiber  has  been  studyed  by 
some  investigators^- 2)  f  more  quantitative 
studies  must' be  made  on  the  growth  and  the 
recovery  of  radiation  induced  loss  and  the 
influence  to  mechanical  strength.  This  re¬ 
port  is  concerned  with  the  induced  loss  in 
various  types  of  optical  fibers  during 
steady-state  60  Co  gamma  ray  irradiation. 

We  also  describe  the  effects  of  ambient 
temperature,  OH  content  in  fiber  and  ir¬ 
radiation  dose  rate  on  the  growth  and  re¬ 
covery  of  radiation-induced  loss,  also 


propose  a  model  by  which  the  lifetime  of 
fiber  can  be  estimated  from  accelerated 
irradiation. 


SAMPLES  AND  IRRADIATION  CONDITIONS 

The  samples  are  Ge-P  doped  silica  core 
GI  type  fiber,  Ge-B  doped  silica  core  GI 
type  fiber,  P  doped  silica  core  SI  type 
fiber,  pure  silica  core  silicone  clad 
fiber  and  pure  silica  core  B-F  clad  fiber. 
All  optical  fibers  were  jacketed  with 
nylon.  Irradiated  fiber  length  was  100  to 
500  m.  A  experimental  apparatus  for  meas¬ 
uring  the  radiation-induced  loss  in  op¬ 
tical  fiber  waveguides  is  shown  in  Fig.  1. 


Irradiation  roon 

Concrete  wall 


Recorde r 


Fig.  1  The  Experimental  Apparatus 

The  apparatus  consists  of  a  light  source 
and  injection  optics,  the  fiber,  a  constant 
temperature  chamber,  a  source  of  radiation 
(60  Co)  and  a  detector.  The  dose  rate  was 
determined  by  changing  the  distance  between 
the  radiation  source  and  samples  in  the 
chamber.  Samples  and  dose  rate  and  total 
dose  for  each  sample  are  listed  in  Table  1. 
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Induced  loss  (dB/km) 


Table  1  Samples  and  Measurement 
Conditions 


Fiber 

Dose  rate 
(R/H) 

Total 

dose 

<R> 

Wave¬ 

length 

(pm) 

OH 

(ppm) 

Remarks 

Ge-P  doped  core  Gl  type 

30 

5.0  *  10J 

0.84 

- 

1.26 

Ge-B  doped  core  GI  type 

3 

1.2  *  10- 

- 

- 

M 

P  doped  core  SI  type 

30 

5.0  ■  10' 

0.84 

- 

Pure  silica  core 

Silicon  clad  SI  type 

3 

1.2  *  10* 

- 

- 

*1 

780 

1.0“  10* 

0.84 

2 

Pure  silica  core 

B-F  doped  clad 

SI  type 

3 

1.2  “  10* 

.  _ 

2 

*1 

780 

1.0  *  10* 

0.84 

2 

1.55  »  10** 

2.2  “  10s 

0.84 

2 

50"C,80°C*2 

2.3-  10' 

3.2  *  10‘ 

0.84 

2 

3.4  *  10* 

4.8  » 10‘ 

0.84 

2 

6.2  *  10* 

8.7  «  10‘ 

0.64 

2 

7.0  *  10* 

1.0*  [o’ 

0.84 

2 

ri.0  *  10* 

1.7“  106 

0.84 

10 

Pure  silica  core 

B-F  doped  clad 

SI  type 

3.0“  10' 

5.0*  I0‘ 

0.84 

10 

S.0»  10* 

8.4  *  10* 

0.84 

10 

7.0“  10* 

1.0*  107 

0.84 

10 

*1:  Intermittent  irradiation  for  about  4,000  hours 
*2:  Irradiation  at  room  temperature  except  50®C 
and  80*C 


RADIATION  INDUCED  LOSS  IN  FIBER 
1.  Ge-P  doped  silica  core  fiber 

Fig.  2  shows  radiation  induced  loss  (at 
0.84  and  1.26  urn)  in  the  Ge-P  doped  silica 
core  GI  type  fiber  as  a  function  of  dose  in 
situ  steady  state  60  Co  irradiation. 


Fig.  2  Radiation-induced  Loss 

(Ge-P  Doped  Core  GI  Type) 


At  0.84  urn,  the  induced  loss  was  great  in 
spite  of  the  low  dose  rate  30  R/H,  and  was 
proportional  to  the  dose.  The  induced  loss 
per  unit  dose  was  0.03  to  0.04  dB/km/R. 

The  induced  loss  at  1.26  urn  grew  in  low 
dose  range  like  at  0.84  ym,  but  was  i.^c  pro¬ 
portional  to  dose  in  the  high  dose  range. 

Fig.  3  shows  the  recovery  of  the  radia¬ 
tion  induced  loss  in  this  fiber  after  ir¬ 
radiation.  The  additive  loss  remains  60 
dB/km  at  0.84  ym  even  after  7  weeks  at  room 
temperature. 


Fig.  3  Loss  Spectra  after  Irradiation 
(Ge-P  Doped  Core  GI  Type) 


2.  Ge-B  doped  silica  core  fiber 

Fig.  4  shows  the  loss  spectra  of  the 
Ge-B  doped  silica  core  fiber  to  be  irradia¬ 
ted  for  about  4,000  hours  at  3  R/H.  The 
radiation  induced  loss  measured  immediately 
after  irradiation  was  18  dB/km  at  0.84  ;.m 
inspite  of  being  as  low  as  3  R/H. 


52 


International  Wire  &  Cable  Symposium  Proceedings  1982 


Induced  Loss  (dB/km)  [jl  1-oss  (dB/km) 


E 

i 


Wave  length  (ym) 

.g.  4  Loss  Spectra  after  Irradiation 
(Ge-B  Doped  Core  Cl  Type) 

P  doped  silica  core  fiber 

Fig.  5  shows  the  radiation  induced  loss 
:he  P  doped  silica  SI  type  fiber. 


The  induced  loss  is  proportional  to  the 
dose  and  the  induced  loss  per  unit  dose  is 
0.3  to  0.4  dB/km/R,  which  is  about  10  times 
of  that  in  Ge-P  doped  core  fiber. 

4.  Pure  silica  core  fiber 

Ge,  P  or  B  increases  the  radiation 
sensitivity  as  described  above,  but  the 
pure  silica  core  fiber  is  considered  to 
lower  radiation  sensitivity  than  a  doped 
silica  core  fiber.  Fig.  6  shows  the  radia¬ 
tion  induced  loss  in  pure  silica  core  sili¬ 
cone  clad  fiber  and  pure  silica  core  B-F 
doped  silica  clad  fiber  at  780  R/H  dose 
rate.  The  induced  loss  is  saturated  at  3.5 
dB/km  in  B-F  doped  silica  clad  fiber  and  at 
4  dB/km  in  silicone  clad  fiber  over  dose  of 
7  x 103R.  The  radiation-induced  loss  in  B-F 
doped  silica  clad  fiber  after  irradiation 
recovered  to  the  level  of  before  irradia¬ 
tion  in  about  3  weeks  but  in  the  case  of 
silicone  clad  fiber,  the  additional  loss  is 
0.7  dB/km  in  7  weeks  after  irradiation. 

The  degradation  of  the  cladding  silicon 
caused  by  irradiation  attribute  the  addi¬ 
tional  loss.  In  the  condition  at  dose  rate 
of  3  R/H  and  radiation  time  of  4,000  H,  the 
induced  losses  of  both  fibers  were  not  de¬ 
tected  . 


Fig.  5  Radiation-induced  Loss 
(P  Doped  Core  SI  Type) 


Silicon  cladding 

j _ 

B-F  Doped  cladding 

780  R/H 

6  7  8  9  10 


Dose  (R) 


<10" 


Fig.  6  Radiation-induced  Loss 

(Pure  Silica  Core  Fiber) 


Fig.  7  shows  the  radiation  induced  loss 
at  0.84  |jm  in  the  pure  silica  core  B-F  doped 
silica  clad  fibers  with  different  OH  con¬ 
tents  at  7  *  101'  R/H  dose  rate.  The  effect 
of  OH  content  on  the  radiation  response  of 
pure  silica  core  fiber  is  clearly  evident 
in  Fig.  7.  The  fibers  which  have  a  much 
lower  OH  content,  have  greater  radiation 
sensitivity. 
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Induced  loss  (dB/km) 


Fig.  7  Radiation-induced  Loss 

(Pure  Silica  Core  Fiber) 

Fig.  8  shows  the  radiation  induced  loss 
in  the  pure  silica  core  fiber  with  2  ppm  OH 
during  irradiation  at  6.2  *  10'  R/H  over  the 
0.6  i-l.l  um  wavelength  range.  A  loss  spec¬ 
trum  can  be  obtained  following  the  irradia¬ 
tion  by  sweeping  the  wavelength  with  the 
monochromater .  The  induced  loss  measured 
at  0.84  pm  seems  to  be  primarily  due  to  the 
tail  of  an  intence  induced  absorption  in 
the  UV  and  visible. 


Fig.  8  Radiation-induced  Loss 

Spectra  during  Irradiation 

The  growth  and  recovery  of  radiation  in¬ 
duced  loss  depends  upon  the  core  glass  com¬ 
position  and  pure  silica  core  fiber  with¬ 
stands  exposure  to  radiation  environments. 


DOSE  RATE  DEPENDENCE  OF 
RADIATION  INDUCED  LOSS 

We  quantitatively  discuss  the  produc¬ 
tion  of  color  centers  in  pure  silica  core 
fiber  during  steady  state  60  Co  irradiation, 
and  estimate  the  lifetime  of  the  fiber  in 
the  radiation  environments. 

1.  Growth  of  radiation  induced  loss^) 

Dotted  line  in  Fig.  9  shows  the  radia¬ 
tion  induced  loss  vs.  time  in  pure  silica 
core  fiber  at  dose  rates  (1.55  x 10\  2.3  « 
lO1*,  3.4  x  10-  and  6.2  x  10"  R/H)  . 


Irradiation  time  (minutes) 

Fig.  9  Radiation-induced  Loss  of  Pure 
Silica  Fiber  (OH  2  ppm) 

The  measured  data  in  Fig.  9  (dotted 
lines)  can  be  accurately  fitted  by  the  ex¬ 
pression 

Acx  =  aLt  +  Iai{  1  -  exp(-.\it)  }  .  (1) 

i 

Where,  Aa  is  the  induced  loss  and  t  the  ir¬ 
radiation  time.  The  fitting  is  accomplised 
by  a  computerized  least-squares  procedure. 
The  constant  (aL,  ai,  A i )  from  the  fit  were 
listed  in  Table  2. 


Table  2  The  Coefficient  of 

Equation  (1)  (OH  2  ppm) 


1.55  x  10* 
(R/H) 

2.3*  10* 
(R/H) 

3.4  x 10* 
(R/H) 

6.2  x 10* 

(R/H) 

*» 

5.1  *  10"* 

5.4  *  10"* 

6.9*  10“ 

8.6*  10'" 

8.0  *  10”’ 

8.7  »  10~5 

9.5*  10"’ 

1.1  *  io'! 

1.4  »  10”1 

2.0*  10"1 

2.5  *  10*1 

4.3  *  10'* 

«L 

1.5*  10-’ 

1.8*  10"’ 

2.1  *  10“ 

1.8*  10“ 

ai 

17.50 

26.04 

30.81 

33.69 

Q2 

0.96 

1.60 

1.77 

5.52 

Oj 

4.45 

5.15 

6.12 

6.55 

2.  Analysis  of  experimental  results 

The  results  presented  in  the  previous 
section  can  be  qualitatively  understood  or 
the  basis  of  a  simple  kinetic  model  for 
color-center  formation.  Assume  first  that 
an  initial  precursor  consentration  Poi 
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exist  in  glass  before  irradiation,  and  that 
additional  precursors  are  created  at  a  con¬ 
stant  rate  of  Ki  during  irradiation. 

Second,  assume  that  during  irradiation, 
carrier  trapping  at  precursors  proceeds  at 
a  rate  proportional  to  the  number  of  empty 
precursor  sites,  with  rate  constant  Fi. 
Finally,  assume  that  both  thermal  untrapping 
and  carrier  recombination  remove  charges 
from  precursor  traps  at  rates  proportional 
to  the  concentration  of  trapped  charges, 
the  respective  rate  constants  being  Ui  and 
Ri.  This  leads  to  the  equation 

~r=Fi(Poi  +Kit  -  Ni)  -  (Ri  +Ui)Ni  ...(2) 

Where  Ni  is  the  concentration  of  filled 
trapping  sites  of  the  i-th  type.  The  simpl¬ 
est  solution  of  (2)  are  obtained  by  assuming 
that  each  of  the  i  components  are  indepen¬ 
dent.  The  solution,  for  Ni  = 0  at  t  =0,  is 

Nl  =  Fi+Ri+Ui [ lPo1  “  Fi+Ri+Ui' 1 1  "  exp_ 

(Fi  +  Ri  +  Ui)  t}  +  Kit]  .  (3) 

If  the  observed  absorption  is  assumed  pro¬ 
portional  to  a  linear  combination  of  i-th 
different  carrier  trap  concentration  whose 
behavior  is  given  by  (3) ,  growth  curve  ex¬ 
pression  of  the  from  (1)  are  obtained  im¬ 
mediately.  Data  obtained  at  different  dose 
rates  are  consistent  with  the  models  dis¬ 
cussed  above.  Assume  that  Fi,  Ri  and  Ki 
are  directly  proportional  to  the  dose  rate 
$,  this  leads  to  the  expression  for  the  Xi 
coefficients 

U  =  Ai<f)  +  Ui  .  (4) 

aL  =B<)>  .  (5) 

Also,  since  ai  should  be  equivalent  to  the 
collision  probability,  it  can  be  expressed 
as  follows; 

ai=aoi  exp(-Ci/$)  .  (6) 

Where  Ai ,  B,  aoi  and  Ci  are  intrinsic  con¬ 
stants  of  core  materials.  Xi,  aL  and  ai  in 
Table  2  are  shown  in  Fig.  10,  11  as  function 
of  dose  rate  $.  These  relations  in  Fig.  10, 
11  fit  to  the  assumption  (4)  ,  (5)  ,  (6)  . 

From  the  above,  the  radiation  induced 
loss  during  steady  state  60  Co  irradiation 
as  function  of  dose  rate  and  irradiation 
time  can  be  expressed  by  the  following; 

A  a  =  B<)>t  +  £aoiexp(-Ci/4>)  {1  -  exp  - 
i 

( Ai <(>  +  Ui) t)  .  (7) 

The  induced  loss  at  low  dose  rate  for  long 
irradiation  time  can  be  quantitatively 
estimated  from  equation  (7) . 

The  solid  lines  in  Fig.  9  are  based  on 
values  obtained  by  calculating  equation  (7) 
with  Ai,  B,  Ci  of  Fig.  10,  11. 


Fig.  10  Dose  Rate  Dependence  of  ai 
(OH  2  ppm) 


6 

-  4 

2 

«10'' 

6 

4 


io  -nr 


«  (R.'M) 


Fig.  11  Dose  Rate  Dependence  of  Xi 
and  aL  (OH  2  ppm) 
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3.  Effect  of  ambient  temperature 

The  measured  induced  loss  is  influenced 
by  experimental  parameters  such  as  tem¬ 
perature.  In  order  to  confirm  the  effect 
of  ambient  temperature  during  irradiation, 
the  relation  of  the  radiation  induced  loss 
vs.  the  irradiation  time  were  measured 
at  50  i  2°  and  80  ±  2°C.  The  dotted  lines  in 
Fig.  12  show  the  radiation  induced  loss 
at  them. 


The  constants  of  equation  (1)  obtained 
from  the  dotted  curve  are  shown  in  Table  3 
Fig.  13,  14,  15.  As  is  shown,  if  two 
identical  fibers  are  irradiated  at  the 
same  total  dose  and  the  same  dose  rate  at 
different  temperatures,  the  induced  loss 
at  low  temperature  is  greater  than  that 
at  high  temperature.  The  solid  lines  in 
Fig.  12  are  calculated  values,  obtained 
in  the  same  way  as  in  Fig.  9. 


Measured  values 
Calculated  values 


6.2*10“  R/H 
•  3.4x10“ 

'  2.3x10“ 
1.55*10“ 


3  4  5  6  7  8 

Irradiation  time  (minutes) 


Measured  values 
Calculated  values 


6.2*10“  R/H 

- '-,3.4x10“ 

-1ZZ^2.3*10* 

'1.55*10“ 


Irradiation  time  (minutes) 


Fig.  12  Radiation-induced  Loss  of  Pure 
Silica  Core  Fiber 
(OH  2  ppm,  50°C  and  80°C) 


12345  >10' 

1/<1>  (R/M) 


Fig.  13  Dose  Rate  Dependence  of  ai  (50°C) 


Table  3  The  Coefficient  of  Equation  (1)  (Temperature  Effect) 


■ 

1.55*  10“ 
(R/H) 

2.3  *10“ 
(R/H) 

3.4  *  10“ 
(R/H) 

6.2  *  10“ 
(R/H) 

1.55  *  10“ 
(R/H) 

2.3  *  10“ 
(R/H) 

3.4  *  10“ 
(R/H) 

6.2  *  10“ 
(R/H) 

m 

4.9*  lO'" 

5.1  *  10'“ 

4.9  *  10'“ 

6.0*  10'“ 

3.1  *  10'“ 

3.2  *  10'“ 

3.0  *  10'“ 

4.3  *  10'“ 

n 

2.8  *  10'3 

2.9  *  10'3 

1 

o 

X 

CTN 

CN 

3.5*  10'3 

l  .0  *  10'3 

1.6*  10'3 

» 

o 

X 

r>. 

1 

o 

X 

00 

0 

3.1  *  10‘2 

3.2  *  10"2 

3.5  *  10'2 

3.9  *  10'2 

7.0  *  10'3 

7.3*  10'3 

5.7  *  10~3 

7.0*  10'3 

31 

2.3  *  10'“ 

3.2  *  10'“ 

4.1  *  10'“ 

4.5  *  10'“ 

0.3  *  10'5 

0.7  *  10"5 

1.0*  10~5 

1 

© 

X 

r-» 

EH 

11.83 

12.01 

11.55 

7.15 

15.71 

16.30 

16.38 

14.18 

EH 

1.35 

2.45 

3.82 

6.30 

0.86 

1.95 

4.02 

5.09 

d 

1.75 

2.81 

3.61 

5.90 

1  .66 

_ 

2.32 

3.41 

4.90 
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(dB/km) 


4.  OH  content 


Fig.  14  Dose  Rate  Dependence  of  ai  (80°C) 
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As  shown  in  Fig.  7,  the  induced  loss 
changes  with  OH  content  in  fiber.  It  is 
important  to  discuss  the  effect  of  OH  con¬ 
tent  on  the  parameters  Ai,  aL  and  ai  for 
forcasting  the  induced  loss  for  a  long 
time.  Data  obtained  by  irradiating  the  10 
ppm  OH  content  fiber,  at  dose  rate  1  «  lO' 
R/H,  3  x  10“  R/H,  5  X 10“  R/H  and  7  x 10“  R/H, 
at  0.84  urn  are  shown  in  Fig.  16  with  dot¬ 
ted  line.  Table  4  lists  the  parameter 
calcurated  from  the  equation  (1),  and  Fig. 
17  and  Fig.  18  show  the  dose  rate  depend¬ 
ence  of  above  parameters.  It  seems  that 
the  OH  content  dominantly  affects  on  aL. 


Fig.  16  Radiation- induced  Loss  of  Pure 
Silica  Core  Fiber  (OH  10  ppm) 


Table  4  The  Coefficient  of  Equation  (1) 
(OH  10  ppm) 


1  X 10“R/H 

3  x  10“R/H 

5  x  10“R/H 

7  x 20“R/H 

■ 

2.9  X  10-“ 

3.3  x  10~“ 

4.6  x  io-“ 

3.0  x 10-“ 

■9 

2.0  x  10~  3 

2.5  x 10“ 3 

3.2  x IQ-3 

BBSS! 

■9 

2.1  x 10- 1 

7.1  x  10-1 

2.9  x  io-‘ 

3.3  x  10-1 

aL 

2.0  x  10-“ 

5.0  x 10-“ 

7.8  x  io~“ 

1.1  x 10-3 

Oil 

11.85 

15.11 

15.82 

7.51 

a2 

0.73 

4.93 

4.88 

21.96 

U3 

4.32 

5.00 

5.71 

4.00 

Fig.  15  Dose  Rate  Dependence  of  Ai  and  aL 
(50°C,  80 ”0 
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5. 


Estimate  of  induced  loss 

The  radiation-induced  loss  can  be 
estimated  for  a  long  time  at  a  low  dose 
rate.  For  example,  the  induced  loss  dur¬ 
ing  irradiation  at  20  R/H  are  shown  in 
Fig.  19. 


OH  2  ppm 
Room  temp-/''^ 


OH  10  pgrtu—  0 
Room  t 

3.9 

OH  2  ppm 

on®/1  r  r  .  . 


Time  (Year) 

Fig.  19  Forecast  of  Radiation-induced 
Loss  at  Low  Dose  Rate 


Fig.  17  Dose  Rate  Dependence  of  ai 
(OH  10  ppm) 


In  the  case  of  fiber  containing  2  ppm  OH, 
the  radiation-induced  loss  at  50°C  is  only 
about  one  third  of  that  at  a  room  tempera¬ 
ture,  and  the  induced  loss  is  almost  neg¬ 
ligible  at  80“C.  In  the  case  of  optical 
fiber  containing  10  ppm  OH,  the  radiation- 
induced  loss  is  no  greater  than  half  of 
that  of  2  ppm  fiber. 

We  have  thus  been  able  to  obtain  a 
guide  for  installing  optical  fiber  in 
radiation  environment  for  a  long  time. 


DECAY  OF  RADIATION- INDUCED  LOSS 


The  radiation  induced  loss  immediately 
begins  to  decrease  once  the  Y“ray  irradia¬ 
tion  is  terminated.  Fig.  20  shows  the 
decay  curves  of  the  induced  losses  in  pure 
silica  core  fiber  following  the  irradia¬ 
tion  shown  in  Fig.  12  and  16. 


oh  6.:»io-  R/H 
2  ppm 

2  ppm  80“c 

r  2  ppm  50°C 


ppm  7. 0x10"  R/H 
10  «in; 


Fig.  18  Dose  Rate  Dependence  of  li  and  aL 
(OH  10  ppm) 


Decay  time  (minutes) 

Fig.  20  Decay  of  the  Induced 
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All  decay  curves  can  be  resolved  into  four 
decaying  exponential  components  as  given 
by  the  expression 

.'.ad  =  Zadi  exp  t-'dit)  . (8) 

i 

Where  Aad  is  the  induced  loss  at  the  time 
t  and  t  the  time  after  irradiation.  The 
fitting  procedure  is  similar  to  that  men¬ 
tioned  above.  Values  of  constants  (adi, 

Adi)  obtained  from  the  fit  are  shown  in 
Table  5. 

The  values  of  Adi  remain  almost  constant 
on  all  fiber,  without  depending  on  the 
dose  rate,  and  adi/Ic ’i  also  is  not  changed 


by  the  dose  rate.  The  rate  of  a  short 
lived  component  in  induced  loss  is  the 
majority.  A  long  lived  component  is 
greater  as  the  temperature  rises  and  more 
OH  is  contained.  From  these  results, 
equation  (8)  can  be  expressed  in  tne  fol¬ 
lowing  equation: 

lad/luo  =  1  Mi  exp  (-  dit) .  (9) 

i 

Where,  Luo  is  the  radiation-induced  loss 
at  the  time  when  the  irradiation  is  ter¬ 
minated,  and  Mi  is  the  rate  of  i-th  de¬ 
caying  exponential  components.  The  rela¬ 
tions  of  the  standardized  induced  loss  vs. 
decay  time  are  shown  in  Fig.  21. 


Table  5  The  Coefficient  of  Equation  (8) 


MECHANICAL  STRENGTH 

It  is  important  that  we  know  mechanical 
properties  of  optical  fiber  in  the  radia¬ 
tion  circumstance. 

Fig.  22  is  the  Weibull  diagrams  of 
tensile  strength  of  irradiated  fiber  and 
not  irradiated  fiber.  In  Fig.  22,  optical 
fiber  is  2  ppm  OH  content  pure  silica  core 
fiber,  radiation  dose  rate  is  6.2  *10‘-  R/H 
and  total  dose  is  8.7  x lo6  r. 


Fig.  21  Decay  of  the  Induced  Loss 


International  Wire  &  Cable  Symposium  Proceedings  1982  59 


' 

l..iu*:e  length  *’ 1  mrc 

- 

U-tv  i  W  tpoed  In  Rirc/ntin. 

- 

JO  samples 

Aw. 

before  irradiation  3.41 

- 

utter  irradiation  >.13 

\ 

''"‘before  irradiation 

liter  irradiation 

Ten  •»  i  1 e  l»'ud 

F i 9 .  22  Tensile  Strength  before  and 
after  Irradiation 


Irradiated  fiber  display  about  5%  degrada¬ 
tion  compared  with  the  not  irradiated 
fiber.  This  degradation  seems  to  be 
caused  by  the  jacketing  Nylon  and  the 
strength  of  the  fiber  itself  may  not  be  de¬ 
graded  . 


SPLICED  POINT 

Investigation  of  irradiation  effect  on 
splicing  less  and  tensile  strength  of 
spliced  point  is  as  important  as  that  to 
fiber  strength.  Splicing  loss  was  measured 
as  follows.  Two  optical  fibers  of  100  m 
length,  one  included  10  splicing  points  and 
other  included  no  splicing  point,  were  ir¬ 
radiated  at  the  same  time.  Then  induced 
losses  at  splicing  points  were  estimated 
by  comparing  the  induced  losses  of  both 
fibers.  Splicing  loss  per  10  points 
before  and  after  7.1  * 106  R  irradiation  is 
0.201  dB  and  0.204  dB,  respectively  (Table 
6).  Tensile  strength  is  shown  in  Table  7. 


Table  6  Splicing  Loss  before  and 
after  Irradiation 


No . 

Before  irradiation  (dB) 

After  irradiation  (db) 

1 

0.25 

0.22 

; 

0 . 34 

0.27 

3 

0.27 

0.24 

4 

0.18 

0, 18 

3 

0.20 

0.20 

6 

o.n 

0.18 

7 

0.18 

0.23 

« 

0.20 

0.27 

9 

0.15 

0.11 

10 

0.11 

0.14 

Ave . 

0.201 

0.2G4 

Table  7  Mechanical  Strength  at  Splicing 

Points  before  and  after  Irradiation 


Before  irradiation  (kg) 

After  irradiation  fkg) 

3.3 

3.1 

2.3 

3.5 

2.8 

2.3 

2.1 

3.4 

2.1 

2.8 

1.9 

3.1 

2.0 

3.1 

2.8 

3.2 

2.3 

2.9 

2.6 

2.8 

Ave .  2.42 

Ave .  3 . 0 j 

Average  tensile  strength  after  irradiation 
is  greater  than  before.  This  increase  in 
tensile  strength  seems  to  be  caused  by  the 
crosslinking  of  the  epoxy  resin  that  is 
used  for  reinforcement.  From  these  re¬ 
sults,  we  think  that  radiation  did  not  af¬ 
fect  to  splicing  point. 


CONCLUSIONS 

1.  Fiber  that  can  be  used  inradiative 
circumstances  is  limited  to  pure  silica 
core  fiber  only. 

2.  increase  of  transmission  loss  in  the 
infrared  wavelength  region  caused  by 
irradiation  is  mainly  caused  by  an  ab¬ 
sorption  band  that  is  formed  in  UV  and 
visible  range. 


3.  Radiation-induced  loss  of  pure  silica 
core  fiber  can  be  explained  using  a 
model  of  color  center  formation  by  y 
irradiation  and  it  can  be  quantitative¬ 
ly  assumed  from  the  dose  rate  depend¬ 
ence  . 
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4.  It  seems  that  the  rate  constants  of  the 
radiation- induced  loss  is  reduced  as 
the  temperature  rises. 

5.  OH  contained  in  the  core  influences  a 
long  lived  component  of  radiation- 
induced  loss. 

6.  As  to  the  mechanical  strength,  irradia¬ 
tion  does  not  cause  substantial  degra¬ 
dation  of  glass  itself  up  to  irradia¬ 
tion  of  8.7  x io 6  R. 

7.  No  problem  is  foreseen  on  the  influence 
to  spliced  parts  from  irradiation  of  up 
to  about'  7  >  10*  R. 
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Abstruct 

The  VAD  method  for  manufacturing  graded- index 
fibers  in  mass  production  basis  has  been  success¬ 
fully  developed.  The  losses  of  VAD  fibers  have 
been  reduced  to  the  values  mainly  determined  by 
Rayleigh  scattering  loss,  as  the  result  of  remark¬ 
able  progress  of  dehydration  technique.  At  the 
same  time  the  bandwidths  of  VAD  fibers  have  been 
also  improved  by  profile  controlling  technique. 
Comparison  of  the  bandwidths  measured  at  plural 
wavelengths  has  revealed  that  the  bandwidths  of  VAD 
fibers  have  the  upper  limits  corresponding  to 
theoretical  prediction  for  perfect  a-power  profile. 

Improvement  of  our  cabling  techniques  has  made 
it  possible  to  manufacture  optical  fiber  cables 
without  impairing  intrinsic  transmission  charac¬ 
teristics  of  VAD  fibers.  The  length  dependence  of 
bandwidth  of  VAD  fibers  for  long-spliced  optical 
transmission  lines  has  been  also  investigated,  and 
Y  coefficients  have  been  found  to  be  0.7  at  0.65pm 
and  0.6  at  1.3pm.  It  will  be  demonstrated  that 
commercial  fiber  optic  wavelength-multiplexing 
transmission  systems  can  be  easily  constructed  by 
applying  the  VAD  fiber  cables. 


1.  Introduction 

Remarkable  improvement  of  optical  properties 
on  VAD  graded-index  fibers  has  been  achieved  and 
the  VAD  fiber  of  good  quality  has  become  easily 
obtainable  as  a  result  of  successful  development  of 
dehydration  and  profile  controlling  techniques  in 
some  mass  production  basis. 

Moreover,  optical  cables  with  high  perform¬ 
ances  have  also  been  manufactured  by  our  successful 
cabling  techniques  without  impairing  intrinsic 
optical  characteristics.  VAD  fibers  and  cables  of 
more  than  10,000  km  fiber  length  with  low  loss  and 
wide  bandwidth  has  been  shipped. 

In  this  paper,  the  transmission  characteris¬ 
tics  of  VAD  fibers  under  mass  production  basis  are 
described.  Their  wavelength  dependence,  especially 
the  relation  of  transmission  attenuation  and  band¬ 
width  between  at  0.85pm  wavelength  and  at  1.3pm 
wavelength,  is  investigated.  The  length  dependence 
of  bandwidth  for  long-spliced  optical  transmission 
lines  is  also  discussed. 


2.  Optical  Transmission  Achievement 
of  VAD  Fiber  Cable 

In  1981,  commercial  tests  of  inter-office 
trunk  with  medium  capacity  (32  Mbits/sec  and  100 
Mbits/sec)  were  carried  out  in  twelve  test  sections 
around  Japan  by  N.T.T.  The  test  route  length  was 
a  total  of  107  km,  and  the  total  fiber  length  was 
about  2,700  km.  Most  of  the  fibers  (about  80%  of 
all)  were  produced  by  VAD  method.  In  this  section, 
the  transmission  characteristics  of  the  total  935km 
VAD  fibers  in  the  optical  cables  manufactured  for 
the  purpose  of  being  used  in  the  tests  are 
described . 

The  principal  specifications  of  the  cables  are 
summarized  in  Table  I.  The  cable  structure  is 
shown  in  Fig.  1  [1].  Optical  fiber  units  and  five 
interstitial  quads  are  arranged  around  a  central 
strength  member  in  one  layer.  Each  unit  consists 
of  six  tight-coated  fibers  and  a  central  steel 
wire.  The  interstitial  quads  are  used  for  trans¬ 
mission  of  repeater  supervision  and  control 
signals,  orderwire  telephone  signals  during  con¬ 
struction  or  maintenance  and  so  on. 

Figures  2  and  3  show  the  histograms  of  the 
transmission  loss  and  the  bandwidth,  respectively, 
measured  at  0.85  pm  wavelength  for  the  total  800km 
VAD  fibers  in  the  cables  using  0.85  pm  wavelength 
band.  The  average  unit  length  of  the  cables  is 


Steel  Wire 
Optical  Fiber 


Stranding 
Steel  Wire 


Polyethylene 


Fig.  1  Cable  structure 
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Frequency 


Section 

Distance  (km) 

Wavelength  (pm) 

Transmission  Speed 
(Mbits/sec) 

Number  of  Fibers 

Supply  Fiber 
Length  (km) 

Average  Cable  Unit 
Length  (m) 


Kyoto  San  jo 
8.0 


Fiber  Element 

90% 

Loss  (dB/km) 

100% 

Fiber  Element 

90% 

Bandwidth 

(MHz- km) 

100% 

Table 

I.  s 

Kyoto  Sanjo 

1 

Kamo 

Uragami 

Nagayo 

Hi 

5.9 

0.85 

0.85 

32 

32 

36 

12 

261.7 

69.1 

909 

823 

<3.0 

<3.0 

<  3.5 

<3.5 

>  500 

>  500 

>  300 

>  300 

Sendai  Gifu 

I  i  , 

Aramaki  Kagamihara 


.6 


0.85 


32 


24 


186.9 


11.2 


.3 


100 


12 


135.0 


1125 


>  800 
>  600 


Table  I.  Specifications  of  cables  in  the  commercial  tests 


Av. =1016MHz-km 
O'  =  296MHz -km 


)  2.5  3.0 

Loss  at  0.85pm  (dB/km) 


Bandwidth  at  0.85pn  (MHz -km) 

Fig.  3  Frequency  distribution  of  bandwidth  of  the 
same  fibers  as  in  Fig.  2. 


Fig.  2  Frequency  distribution  of  loss  of  the  VAD 
fibers  in  the  cables  produced  for  0.85  ym 
wavelength  band  transmission  systems.  The 
total  length  of  the  fibers  is  800  km. 
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939  m,  and  the  maximum  is  1406  m.  The  average 
values  and  the  standard  deviation  o  of  the  loss  and 
the  bandwidth  are  as  follows: 

Av.  Loss  (at  0. 85pm)  =2.45  dB/km  0  0.17  dB/km 

Av.  Bandwidth  (at  0.85  m)  =  1016  MU/  •  ^m  0  *  ^96  MH2 •  km 

Figure  4  and  5  show  the  histograms  of  the 
transmission  characteristics  measured  at  1.3  pm 
wavelength  for  the  total  135  km  VAD  fibers  in  the 
cables  using  1.3  pm  wavelength  band.  The  cable 
unit  length  is  1328  m  at  its  maximum  and  1125  m  on 
the  average.  The  achievements  of  them  are  summa¬ 
rized  as  follows: 

Av.  loss  {at  1.3pm)  *0.53dB/km  o  = 0. G83dB/km 

Av.  Bandwidth  (at  1.3pm)  =  1279  MH2.km  o  =  286  MHz. km 

It  is  cleared  that  very  high  performance  of 
the  VAD  fibers  has  been  preserved  even  after  the 
cabling  process. 

3.  Wavelength  Dependence  of  Transmission 
Character istics 

3 . 1  Transmission  Loss 

Figure  6  shows  the  measurement  results  of  the 
spectral  transmission  loss  of  108  pieces  of  VAD 
fibers  which  were  randomly  sampled  from  the  total 
972  pieces  of  fibers  mentioned  in  the  above  sec¬ 
tion.  The  two  curves  represent  the  best  data  and 
the  worst  data  respectively.  The  circles  show  the 
average  losses  at  wavelengths  of  0.85  pm,  1.2  pm, 

1.3  pm  and  1.55  pm  with  the  error  bars  indicating 
the  limits  of  !2o. 


100 


Av. =0. 53dB/km 
(T  =0 . 083dB/ktn 


c 

0) 

3 

cr 

<u 

u 

u, 


50  f- 


0.4  0.6  0.8 

Loss  at  1,3pm  (dB/km) 


Fig,  4  Frequency  distribution  of  Joss  of  the  VAD 
fibers  in  the  cables  produced  for  1.3  pm 
wavelength  band  transmission  systems.  The 
total  length  of  the  fibers  is  135  km. 


The  average  losses  at  1.2  pm  and  1.55  pm 
wavelengths  are  0.68  dB/km  and  0.41  dB/km  respec¬ 
tively.  The  former  is  0.08  dB/km  larger  and  the 
latter  is  0.19  dB/km  smaller  than  the  average  loss 
at  1.3  pm  wavelength.  Those  three  wavelength 
bands  where  very  low  loss  can  be  achieved  are 
suitable  for  long-span  transmission  systems  and 
especially  recommendable  for  wavelength-multiplex¬ 
ing  transmission  systems. 

The  spectral  attenuation  character istics  of 
graded-index  fibers  are  expressed  as  the  following 
well-known  equation 

a(A)  =  A  +  B  +  C(>) .  (1) 

The  first  and  the  third  terms  represent  Rayleigh 
scattering  loss  and  the  remaining  wavelength- 
dependent  loss  caused  by  OH-ion  absorption  and  so 
on.  The  constant  term  B  denotes  the  loss  induced 
by  structural  imperfection  of  fiber.  When  CO.)  - 
0,  the  transmission  loss  at  1.3  pm  wavelength 
a(1.3)  is  related  to  a(0.85)  as 

a(l.3)-a(0.85,-AfT5Ti5rT-73-i7T}  (2) 

or 

all. 3)  =  ‘‘a  (0. 85 )  +  B{1  -  (——)'*)  (3) 

Rayleigh  scattering  coefficient  A  is  predicted  to 
be  ranged  from  Amin  =  1.0  to  Amax  =  1.3  (dB/km)- 
(pm)1*,  corresponding  to  the  specified  range  of 
N.A. [2) 

Distribution  of  a(0.85)  and  all. 3)  measured 
for  the  above-mentioned  108  pieces  of  fibers  is 
mapped  in  Fig.  7.  The  lines  Amin  and  Amax  in 
Fig.  7  are  derived  from  eq.  (2),  and  the  line 
B  =  0  indicates  the  relation  of  eq.  (3)  with  B  =  0. 
When  C ( X)  is  negligible,  the  point  determined  by 
a(0.85)  and  all. 3)  is  expected  to  be  located  in 
the  region  1  which  is  bordered  by  the  lines  Amin, 
Amax  and  B  =  0. 


Bandwidth  at  1 . 3pi  (MHz- km) 


Fig.  5  Frequency  distribution  of  bandwidth  of  the 
same  fibers  as  in  Fig.  4. 
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r 


Wave 1 eng  th  ( pm ) 


Fig.  6  Spectral  loss  of  the  VAD  fibers.  Two 
curves  represent  the  best  data  and  the 
worst  data  for  randomly  sampled  108  pieces 
of  fibers.  Circles  and  error  bars  denote 
the  averages  and  the  limits  of  ±2o. 


Fig.  7  Distribution  showing  the  relationship 

between  attenuations  at  0.85  pm  and  1.3  pm 
for  the  same  fibers  as  in  Fig.  6. 


From  Fig.  7,  it  is  cleared  that  87%  of  the 
fibers  are  located  in  the  region  I.  6.5%  and 
6.5%  are  in  the  region  II  and  III,  respectively. 

The  fibers  in  the  region  II  are  characterized  to 
have  some  amount  of  OH-ion  absorption  loss  at 
1.3  pm  wavelength.  Those  in  the  region  III  are 
deduced  to  have  the  absorption  loss  at  0.85  pm 
wavelength  caused  by  drawing  defect  and  so  on. 
However,  those  absorption  losses  are  sufficiently 
small.  It  is  concluded  that  the  transmission 
losses  of  the  VAD  fibers  are  almost  determined  by 
Rayleigh  scattering  loss  and  that  the  excess  loss 
is  very  small  even  after  cabling. 

3. 2  Transmission  Bandwidth 

Distribution  of  the  bandwidth  at  0.85  pm, 

B (0 . 85) ,  and  at  1.3  pm,  B(1.3),  measured  for  164 
pieces  of  fibers  sampled  from  the  total  972  pieces 
used  in  the  commercial  tests  is  mapped  in  Fig.  8. 
The  circles  in  Fig.  8  represent  the  fibers 
produced  for  0.85  pm  wavelength  band  transmission 
systems  and  the  crosses  for  1.3  pm  wavelength  band 
systems. 

The  relation  between  B(0.85)  and  B(1.3)  was 
theoretically  investigated  for  perfect  a-power 
profiles  by  using  WKB  methodl31.  The  calculated 
results  are  also  shown  in  Fig.  8  by  broken  curves 
with  the  profile  exponent  a  as  a  parameter.  From 
Fig.  8,  it  is  cleared  that  though  the  points 
determined  by  B(0.85)  and  B ( 1 . 3 )  seem  to  be  distri¬ 
buted  randomly,  they  are  almost  bordered  by  the 
theoretical  prediction. 


Fig.  8  Distribution  showing  the  relationship 

between  bandwidths  at  0.85  pm  and  1.3  pm 
for  randomly  sampled  164  pieces  of  VAD 
fibers.  Circles  and  corsses  represent  the 
fibers  used  in  0.85  pm  wavelength  band  and 
1.3  pm  wavelength  band  respectively. 

Broken  curves  show  the  theoretical  predic¬ 
tion. 
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Figure  9  shows  the  spectral  bandwidth  measure¬ 
ment  results  of  three  VAD  graded-index  fibers  by 
fiber  Raman  spectroscopy  [4J  and  laser  diodes. 

Fiber  A  and  fiber  C  were  manufactured  under  the 
profile  control  optimizing  the  profile  exponent  a 
for  0.85  pm  wavelength  band  and  1.3  pm  wavelength 
band,  respectively.  Fiber  B  has  broad  bandwidths 
at  both  wavelengths  of  0.85  pm  and  1.3  pm  with  the 
result  that  the  profile  has  been  optimized  around 
1.05  pm  wavelength.  Their  spectral  bandwidth 
character istics  have  a  single  peak  around  each 
designed  wavelength,  suggesting  that  the  profiles 
are  well-controlled. 

Taking  such  spectral  characteristics  into 
consideration,  it  is  recommended  that  wavelength¬ 
multiplexing  transmission  systems  should  use  wave¬ 
length  bands  close  to  each  other,  for  example 
1.2  pm  and  1.3  pm  or  1.3  pm  and  1.55  pm,  especially 
when  broad  bandwidths  are  required  at  both  wave¬ 
lengths. 

4.  Length  Dependence  of  Bandwidth 

The  length  dependence  of  bandwidth  was  inves¬ 
tigated  by  the  use  of  VAD  fibers  in  order  to  design 
fiber-optic  transmission  systems  with  high  quality. 

The  coefficient  of  length  dependence  of 
bandwidth  Y  for  long  spliced  VAD  fibers  was 
estimated  by  comparing  the  measured  value  with 
calculated  value  of  bandwidth.  Figures  10  and  11 
show  the  results  at  0.85  pm  wavelength  and  1.3  pm 
wavelength  respectively .  From  these  figures,  y 
coefficient  of  VAD  fibers  is  indicated  to  be  about 
0.7  at  0.85  pm  and  0.6  at  1.3  pm. 


Wavelength  (pm) 

Fig.  9  Spectral  bandwidth  of  VAD  fibers. 


In  designing  bandwidths  of  fibers  from  the 
system  requirement,  it  is  recommended  to  use  the  Y 
values  of  0.7  to  0.8  over  0.85  pm  wavelength  band 
and  0.6  to  0.7  over  1.3  pm  wavelength  band,  respec¬ 
tively,  with  a  margin. 


Fig.  10  Bandwidth  of  spliced  fibers  at  0.85  um 
wavelength. 

Each  Fiber  Length  =  1.2  km 
Av.  Attenuation  =  2.5  dB/km 
Av.  Bandwidth  =  810  MHz-km0’7 


Fig.  11  Bandwidth  of  spliced  fibers  at  1.3  pm 
wavelength 

Each  Fiber  Length  =  1.2  km 
Av.  Attenuation  =  0.60  dB/km 
Av.  Bandwidth  a  1040  MHz-km0’6 
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5.  Conclusion 


Transmission  characteristics  of  VA D  graded- 
index  fibers  in  mass  production  basis  were 
described.  The  VAD  method  has  almost  come  to 
maturity  to  be  able  to  produce  fibers  with  low  loss 
and  broad  bandwidth.  Fiber  optic  tranmission 
systems  with  high  performances,  including 
wavelength-multiplexing  transmission  systems,  can 
be  easily  constructed  by  the  use  of  the  VAD  fiber 
cables. 
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ABSTRACT 

This  paper  describes  a  large  scale 
application  of  llghtguide  transmission  to  a 
multi -office  toll  message  trunking  network. 
Eight  (8)  city  exchanges  and  six  (6)  rural  dial 
offices  are  being  interconnected  with  more  than 
130  km  of  llghtguide  cable  containing  up  to  20 
optical  fibers.  The  system  uses  double  window 
fiber  manufactured  by  a  Vapour  Axial  Deposition 
(VAD)  technique  and  protected  with  a  double 
coating  of  silicone  and  nylon. 


INTRODUCTION 

The  "Toll  Message  Fiber  Optics  Transmission 
System"  is  a  major  project  currently  being 
implemented  in  Manitoba,  Canada  by  the  Manitoba 
Telephone  System  (M.T.S.).  This  network  will 
connect  Winnipeg  exchanges  and  rural  communities 
with  the  main  switching  offices  in  downtown 
Winnipeg.  It  will  also  form  a  part  of  the 
Trans-Canada  Telephone  System.  The  entire 
project,  awarded  to  Canstar  Communications  will 
be  completed  and  is  scheduled  to  be  in  operation 
by  the  end  of  1983.  The  initial  subsystem  is 
complete  and  has  been  in  service  since  the 
summer  of  1982. 

NETWORK 

Structure 


FIGURE  1  NETWORK  ROUTE  MAP 


Niverville 

Radio 


LEGEND: 


The  network,  as  shown  in  Figure  1,  is  for 
toll  grade  message  transmission  at  a  90  Mb/s 
line  rate.  It  consists  of  nine  subsystems  and 
requires  over  130  km  of  llghtguide  cable  with 
fiber  count  from  6  to  20  optical  fibers.  It  is 
the  first  llghtguide  system  in  Canada  to  operate 
at  this  bit  rate  and,  to  our  knowledge,  the 
first  such  system  in  North  America  to  incorporate 
repeaters  at  spans  over  9.0  km. 

The  initial  requirement  is  for  a  Digital 
Entrance  Link  (DEL)  to  connect  a  new  digital 
toll  switch  at  the  MAIN  TOLL  OFFICE  in  downtown 
Winnipeg  to  the  digital  microwave  radio  at 
GRASSMERE,  24  kilometers  north  of  Winnipeg. 


mmmm  System  Installed  and  Operating 

-  Cable  Installed 

-  —  Future  extension 
O  Repeater  Location 

H  Terminal  Location  in  Class  2  Toll  Office 

0  Terminal  Location  in  Switch  Office 

D  Terminal  Location  in  Class  5  Office 
(Community  Dial  Office) 

m  Terminal  Location  in  Microwave  Radio 
Site 
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A  further  eight  subsystems  are  required  to  carry 
Winnipeg  intcrexchange  traffic  and  to  augment 
facilities  between  Winnipeg  and  surrounding 
communities.  Drop-and-insert  capability  at  the 
designated  offices  is  accomplished  by  means  of 
digital  multiplex  equipment  at  both  the  DS1 
(1.5  Mb/s)  and  DS2  (6.3  Mb/s)  bit  rates. 

The  system  is  designed  to  operate  at  a 
wavelength  of  850  nm  with  each  fiber  carrying 
DS3C  (90  Mb/s)  one-way  traffic.  The  fiber 
provided  however  is  also  capable  of  operating  at 
1300  nm  and  provision  has  been  made  for  wave¬ 
length  division  multiplex  operation  in  the 
future.  In  this  case  the  capacity  can  be 
expanded  to  carry  almost  3000  voice  channels 
per  fiber. 


Choice  of  90  Mb/s  Fiber  Optic 


As  a  transmission  medium,  fiber  optics 
offers  a  number  of  definite  advantages  over 
competitive  technologies.  These  include: 

-  high  capacity 

-  RFI  and  EMI  immunity 

-  cross-talk  immunity 

-  long  repeater  spacing,  close  to  the 
distance  of  inter-office  trunk  or  wire 
line  entrance  links  which  range  10-15  km. 

-  ease  of  line-up  and  maintainance 

-  less  congestion  in  underground  conduit 


Mainly,  however,  it  is  of  prime  importance  to 
M.T.S.  that  the  chosen  technology  proves 
economical  over  alternatives.  Microwave  radio 
for  the  GRASSMER E-MAIN  DEL  was  a  serious 
contender  until  it  became  apparent  that  costly 
tower  modifications  or  new  tower  structures 
would  be  required.  These  costs  contributed  to 
elimination  of  microwave  radio  as  a  transmission 
medium.  In  addition,  line-of-sight  radio  in  the 
Winnipeg  area  is  subject  to  the  risk  of 
propagation  path  blockage  due  to  the  highrise 
construction. 


PCM  metallic  pair  cable  systems  were  a 
possibility  on  some  of  the  interoffice  spans, 
but  were  ruled  out  due  to  the  comparatively 
short  repeater  spacing,  and  the  very  high  traffic 
volume,  that  would  involve  large  cables  requiring 
too  much  space  in  the  underg  jund  duct  system. 


designed  to  combine  7  low  speed  groups:  each 
group  can  be  made  up  of  four  DS1,  two  DS1C,  one 
DS2  or  two  DS1  and  one  DS1C  digital  signal.  A 
bit  interleaving  and  positive-stuffing  technique 
is  employed  to  multiplex  the  asynchronous  low 
speed  digital  streams  into  a  single  DS3 
(45  Mb/sec)  signal  which  satisfies  the 
requirements  of  the  DSX-3  cross  connect.  The 
low  and  high  speed  muldems  are  protected  indep¬ 
endently  on  a  one-for-one  basis. 

The  0-LTE  is  used  for  transmission  of  the 
DS3  signals  over  lightguide  cable.  Two 
asynchronous  DS3  signals  are  multiplexed  to 
form  a  DS3C  (90.944  Mb/sec)  digital  signal 
incorporating  overhead  bits  for  line  performance 
monitoring,  and  orderwire,  supervisory  and 
protection  switching  control  signals.  A  Ga-Al-As 
double  heterostructure  laser  diode  is  used  in 
each  optical  transmitter  converting  the  digital 
signal  into  a  light  pulse  stream.  The 
temperature-dependent  output  level  of  the  laser 
source  is  stabilized  using  the  light  emitted 
from  the  back  face  of  the  diode  in  a  negative 
feedback  loop.  In  the  optical  receiver  a 
silicon  avalanche  photodiode  (APD)  is  used  as 
the  detector.  An  AGC  circuit  is  used  to  accomo¬ 
date  a  wide  range  of  input  power  levels  due  to 
variations  in  link  attenuation  and  to  compensate 
for  temperature  sensitivity  of  the  APD. 

The  0-LRE  is  a  "three  R"  type  repeater 
which  provides  reshaping,  retiming  and  regener¬ 
ating  functions.  It  is  used  to  retransmit  the 
DS3C  optical  pulse  trains  which  have  been 
distorted  after  being  passed  through  a  lightguide 
transmission  line.  The  equipment  also  provides 
a  drop-and-insert  of  the  supervisory  signal  for 
the  repeater  station. 

The  protection  switching  equipment  between 
the  DM1-3  and  0-LTE  is  used  to  ensure  reliable 
transmission  against  any  trouble  in  optical  line 
equipment  and  transmission  lines.  Each  optical 
channel  is  continuously  monitored  for  signal 
failure  and  high  error  rate.  When  the  performance 
of  a  working  channel  is  judged  not  to  be  accept¬ 
able,  traffic  is  automatically  switched  to  the 
standby  channel  by  the  protection  switches  at 
both  ends. 


Fiber  optics  proved  to  be  the  most  approp¬ 
riate  technology  for  the  project  in  terms  of 
capacity,  repeater  spacing,  and  overall  cost. 


The  network  requires  five  different  types 
of  equipment,  namely:  DM1-3  digital  multiplex 
equipment,  optical  line  terminating  equipment 
(0-LTE),  optical  line  repeating  equipment 
(0-LRE),  line  protection  switching  equipment  and 
centralized  supervisory  equipment.  These  are 
supplied  by  Nippon  Electric  Company  (NEC). 

The  DM1-3  digital  multiplex  equipment  is 


To  maintain  stablized  service  of  the  entire 
transmission  network  with  high  efficiency  nnd  a 
minimum  of  personnel,  a  centralized  supervisory 
facility  is  employed.  Local  Supervisory 
Equipment  (LSV)  is  installed  at  each  local  station 
to  control  communications  with  the  central  station 
and  to  transmit  alarm  data  concerning  the  local 
station.  Central  Supervisory  Equipment  (CSV)  is 
installed  at  the  central  station  to  collect  alarm 
information  from  each  LSV  and  monitor  the  operat¬ 
ional  status  of  each  local  station.  The  trans¬ 
mission  path  between  each  LSV  and  the  CSV, 
established  through  the  overhead  bits,  follows 
two  parallel  routes  namely,  one  of  the  working 
90  Mb/s  optical  lines  and  the  standby  optical 
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line.  In  the  event  that  either  line  fails, 
centralized  supervision  can  still  be  conducted. 

LIGHTGU IDE  CABLE 

Fibers 

Graded  index  VAD ,  directly  strandable, 
tight  jacketed  fibers  were  used  for  this  project. 

The  glass  fibers  are  coated  with  a  soft  silicone 
material  and  covered  with  an  extruded  outer  nylon 
jacket.  ^2)  The  typical  structure  and  parameters 
of  the  fibers  are  illustrated  in  Figure  2  and 
Table  1.  Each  fiber  is  identifiable  through 
the  length  of  cable  by  means  of  the  color  coded 
nylon  jacket  and  unit  binders. 


Figure  4  shows  the  unitized  cable  design  with 
up  to  .’4  fibers.  Four  units  along  with  fillers 
are  stranded  around  the  central  strength  member. 
The  central  strength  member  consists  of  a  7  wire 
stranded  electrogalvanized ,  high  tensile  strength 
steel  wire  covered  with  a  polyethylene  jacket. 

Each  unit  consists  of  a  maximum  of  6  fibers 
stranded  around  a  unit  strength  member  (copper- 
clad  steel  wire)  and  bound  by  a  coloured  binder. 
The  cable  core  is  filled  with  a  petrojelly  filling 
compound  and  protected  with  a  cushioning  layer  of 
fibrillated  Dolvpropvlene  yarns  and  polyester 
tape (s) . 

FIGURE  4 

U N IT1ZED  CABLE  CROSS-SECTION 


FIGURE  2 

FIBER  CROSS-SECTION 

Glass  fiber 


Silicone 


Nylon 


TABLE  1 


CLASS 

FIBER 

CORE 

MATERIAL 

— 

DOPED  SILICA  GLASS 

NA 

N0M.  0.20  i  0.02 

DIAMETER 

NOM.  50  i  5  Dm 

CLADDING 

MATERIAL 

SILICA  CLASS 

DIAMETER 

NOM.  125  t  5  uni 

COAT  INC 

PRIMARY 

(BUFFER) 

MATERIAL 

SILICONE  RESIN 

OUTER  DIA. 

APPROX.  0.4  mm 

SECONDARY 

(JACKET) 

MATERIAL 

NYLON 

OUTER  DIA. 

0.9  t  0.1  r— 

Core  Assembly 

rigure  3  shows  the  concentric  design  used  for 
6  to  12  fiber  cables.  Fibers  are  stranded  in  a 
single  layer  around  a  central  strength  member 
consisting  of  an  electrogalvanized,  high  tensile 
strength  steel  wire  covered  with  a  polyethylene 
jacket . 


FIGURE  3 

CONCENTRIC  CABLE  CROSS-SECTION 


PE  coated  steel  wire 

F ibers 

Cusion  Layer 

and  filling  compound 

A1  shield 

PF,  jacket 


Sheath 


Cables  intended  for  duct  and  aerial  installa¬ 
tion  are  supplied  with  an  Alpeth  sheath  consisting 
of  a  plastic-coated  0.2  mm  aluminum  shield  applied 
longi tudinal ly  and  smooth  with  an  overlap  and 
bonded  to  a  low  or  medium  density  black  polyethy¬ 
lene  jacket. 

Cables  intended  for  direct  burial  installation 
are  supplied  with  an  additional  CP  sheath  consist¬ 
ing  of  a  0. 15  mm  corrugated  tin-coated  steel  tap*.* 
applied  longitudinally  with  an  overlap  and  extruded 
black  polyethylene  jacket. 

Transmission  Requirements 

The  optical  attenuation  requirements  of  the 
cable  were  determined  from  a  link  margin  calcul¬ 
ation  based  on  the  system  gain  of  the  optical 
equipment  (0-LTE  and  0-LRE) .  The  example  in 
Table  2  for  the  9  km  link  from  INKSTER  to 
SKERBROOK  results  in  a  specified  maximum  cabled 
fiber  attenuation  of  2.8  dB/km. 

For  90  Mb/s  transmission  the  equipment  used 
requires  90  MHz  link  bandwidth  with  no  power 
penalty.  The  fiber  bandwidth  length  product, 
requirement  was  estimated  using  a  length 
exponent  of  0.75  as  follows: 

Bl  (MHz ’km)  =  90  (MHz)L°'7j  (km) 
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TABLE  2 

LINK  MARGIN  CALCULATION  (9.0  km  span) 
INKSTER  -  SHER BROOK 


System  Gain  43.5  dB 

Allowance  for  Future  WDM  -6.0 

Degradation  &  Future  Splices  -5.5 

Connector  Loss  (2x1.0  dB)  -2.0 


Maximum  Installed  Cable  Loss  30.0  dB 

Splice  Loss  (13x0.3  dB)  -3.9 


Net  Maximum  Cable  Loss  26.1  dB 

Maximum  Cable  Attenuation  2.9  dB/km 

Cabled  Fiber  Specification  2.8  dB/km 

For  the  9  km  link  B^  »  468  MHz. km  and  the 


bandwidth  specif icat ion  was  written  to  require 
a  minimum  link  average  of  450  MHz. km  and  a 
minimum  individual  bandwidth  of  400  MHz. km. 

The  transmission  requirements  of  cable  for 
each  subsystem  are  shown  in  Table  3.  Factory  test 
results  for  cables  ready  for  installation  in  the 
INKSTER-SHERBR00K  link  are  summarized  in  the 
following  histograms.  Figure  5  shows  the  dis¬ 
tribution  of  fiber  attenuation  at  both  850  and 
1300  nm  measured  on  shipping  lengths  of  cable. 

A  500  m  launch  fiber  was  used  to  approximate  the 
equilibrim  mode  distribution  in  the  test  fiber. 
Figures  6  and  7  show  the  3  dB  optical  bandwidth 
length  product,  B^,  measured  by  a  swept  frequency 
technique  using  laser  diode  sources  at  850  and 
1330  nm  respectively.  A  step-graded-step  mode 


scrambler  connected  to  the  input  end  of  the  fiber 
by  a  V  groove  splice  ensured  excitation  of  all 
propogating  modes  in  the  test  fiber.  Since 
finished  cable  lengths  varied  from  700  to  1700  m, 
depending  on  the  site  requirements,  the  measured 
bandwidth,  B  ,  was  normalized  for  length  using  a 
length  exponent  of  0.8.  i.e. 

B,  (MHz  .  km)  =  B  (MHz  )  L  °'8  (km) 

L  m 

FIGURE  5 

CABLED  FIBER  ATTENUATION 


No .  of 
F ibers 


Attenuation  in  dE/km 


TABLE  3 


[ — 

- 

- - - - - - 

CABLE  PERFORMANCE  1 

CABLE 

0  850  &  1300 

nm 

SYSTEM 

LENGTH 

FIBER 

ATTENUATION 

INDIVIDUAL 

LINK  AVERAGE 

(kms) 

COUNT 

MAX. (dB/km) 

BANDWIDTH 

BANDWIDTH 

MIN. (MHz. km) 

MIN. (MHz. km) 

Grassmere- Inkster  Park 

12.7 

12 

3.6 

300 

350 

Inkster  Park-Sherbrook 

9.0 

16 

2.8 

400 

450 

Sherbrook-Main 

2.3 

20 

3.6 

250 

300 

Main-Fort  Rouge 

4  0 

14 

3.6 

200 

250 

Sherbrook-Fort  Rouge 

2.- 

12 

3.6 

250 

300 

Beause  jour-Hazelridge 

26.0 

6 

3.0 

400 

450 

HazelridRe-Oaktank 

11.0 

f> 

3.6 

300 

350 

Oakbank-Knowles 

16.0 

8 

3.2 

350 

400 

Knowles-Gatewav 

7.5 

8 

3.4 

50 

400 

Gateway-Main 

8.5 

10 

3.0 

380 

4  30 

Fort  Rouge-Charleswood 

9.3 

6 

2.8 

400 

450 

Stonewa] 1-Stonv  Mountain 

13.5 

6 

3.6 

350 

400 

Stony  Mountain-Grassmere 

6.4 

6 

3.6 

350 

400 

Gateway-Kildon  Place 

6.8 

12 

3.5 

350 

400 

Empress- Sherbrook 

3.4 

10 

3.5 

350 

400 
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Test  results  on  finished  cable  are  shown 
In  Figure  8.  The  solid  curve  shows  the  perform¬ 
ance  of  a  typical  fiber  in  a  pre-production 
cable  of  the  final  concentric  design  at  850  nm. 
This  attenuation  is  essentially  constant  over 
the  temperature  range  -50  to  +70  C,  however 
below  -50  C  the  attenuation  increases  abruptl; 
due  to  buckling  of  the  fibers  inside  the  protect¬ 
ive  coating.  There  was  no  significant  variation 
of  temperature  performance  with  source  wavelength 
over  the  range  800  to  1500  nro.  Quality 
Assurance  measurements  on  sample  cables  from  the 
production  run  show  that  the  required  temperature 
performance  was  achieved. 

Physical  and  Mechanical  Characteristics 

Physical  and  Mechanical  properties  of  cable 
are  summarized  in  Table  4. 

TABLE  4 


Concentric  Unitized 
Cable  Cable 


Cable  diameter,  mm  12.7  21.0 

Cable  weight,  kg/km  180  400 

Max.  Pulling  Tension,  N  2000  3100 


Temperature  Performance  Requirements 

Cable  for  duct  and  buried  installation  are 
required  to  have  an  attenuation  increase  of  less 
than  0.2  dB/km  relative  to  the  value  at  20 °C 
over  the  temperature  range  -20  to  +35°C.  The 
specification  for  aerial  cable  covers  the 
temperature  range  -50  to  +45  C  but  permits 
increases  of  up  to  0.5  dB/km. 

FIGURE  8 


Attenuation  vs  Temperature 

Attenuation  change  from 
attenuation  at  room 
temp,  in  dB/km 


-40  -20  0  20  40 

Temperature  in  °C 


Mechanical  Test 


Results 


Impact  -  300  cycles  at  1.5  Nm^ 

impact  with  8.5  mm 
radius  hammer 

Flexing  -  150  cycles  of  i90° 

bend  over  a  mandrel  / 
of  10  times  cable  ( 
diameter 

Crush  Resistance  -  1.5  kN 

crushing  force  \ 

between  10  cm  paws  l 

Torsional  Strength  -  10  cycles  ) 
±90°twlsting  of  3 
cable  sample 


y 


No  transmission 
change, 

no  evidence  of 
damage  to 
cable  structure 


Tensile  Load  -  10  m  gauge  length,  each  end  of 
cable  sample  wrapped  3  times  around 
30  cm  diameter  mandrel. 


Concentric  Cable 

2000N  -  No  transmission  loss 

3560N  -  5?  transmission  loss,  output 

recovered  after  load  was  removed 

Unitized  Cable 

4500N  -  No  transmission  loss 


Processing  Experience 

Tight  jacket  fibers  were  directly  stranded 
without  any  problems  using  conventional  planatory 
stranding  and  cabling  equipment  with  modified 
pay-off  tension  controls.  Each  cable  length  met 
the  optical,  thermal  and  physical  requirements 
of  the  specification.  The  attenuation  change 
throughout  the  stranding,  cabling  and  sheathing 
process  was  within  *0.2  dB/km  from  fiber 
attenuation  prior  to  stranding  for  all  manufact¬ 
ured  lengths. 
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INSTALLATION 

The  lightguide  cables  were  installed  by  MTS 
personnel  with  Canstar  providing  training  and 
supervision  for  the  first  sub-system  GRASSMERE- 
MAIN.  By  October  1982  the  cable  installation 
was  complete  as  indicated  on  Figure  1. 

Underground  sections  of  cable  were  pulled 
into  P.E.  subducts  with  an  inside  diameter  of 
35  mm.  Pulls  of  up  to  1  km  length  were  handled 
by  a  small  electric  winch  without  exceeding  the 
tensile  load  rating  of  the  cables.  Buried 
sections  of  cable  were  ploughed  to  a  depth  of 
1.07  m  using  two  caterpiller  tractors  in  tandem. 
A  powered  capstan  ensured  that  the  cable  was  not 
under  tension  as  it  entered  the  plough.  This 
installation  technique  is  very  efficient  in 
Southern  Manitoba  because  of  the  terrain.  In 
aerial  sections  the  cable  was  doubly  lashed  to 
a  6.4  mm  (1/4  ench)  stranded  steel  messenger 
wire. 


transmission  line  need  simply  the  cable  attenu¬ 
ation  measurement  to  ensure  required  safety  link 
loss  margin  for  system  degradation  due  to  aging, 
temperature  and  additional  splices. 

The  system  and  equipment  do  not  need  special 
maintenance  only  periodic  inspection  for  perform¬ 
ance  and  obvious  defects.  Combination  of  the 
following  auxiliary  equipment  features  provide 
easy  maintenance  and  quick  troubleshooting  with  a 
minimum  of  travel  by  maintenance  personnel. 

Equipment  modular  design  permits  easy 
and  fast  replacement 

-  Detailed  local  alarms  display 

-  Centralized  supervision 

-  Equipment  incorporates  the  test  functions 
of  signal  local  loopback  and  remote 
loopback  to  check  faults  and  to  identify 
the  failed  module. 

CONCLUSIONS 


Splices  were  made  using  an  arc  fusion 
splicer  equipped  with  a  3  axis  manipulator 
and  microscope  for  visual  alignment  of  the 
fiber  ends.  The  individual  splices  were 
protected  with  a  reinforced  sleeve,  racked  on 
a  custom  designed  fiber  organizer  and  housed  in 
a  conventional  in-line  lead  sleeve  enclosure. 
Each  splice  was  inspected  by  optical  time  domain 
ref lectometer .  The  average  splice  loss  of  412 
splices  measured  in  this  way  was  0.26  with  a 
standard  deviation  of  0.16. 

Optical  attenuation  of  the  installed  links 
was  measured  before  attaching  the  terminal 
connectors  using  an  850  nm  LED  source  and 
optical  power  meter.  On  the  INKSTER-SHERBROOK 
link  the  end-to-end  attenuation  varied  from  23.2 
to  25.5  dB  compared  to  a  design  target  (Table  2) 
of  30  dB. 


PERFORMANCE  AND  MAINTENANCE 


The  initial  phase  of  the  network  was  success¬ 
fully  completed  and  has  been  in  service  since  the 
summer  of  1982,  following  a  test  period  of  six 
months  through  a  severe  Manitoba  winter.  Various 
test  results  have  shown  a  satisfactory  perform¬ 
ance  of  the  transmission  network.  Bit  error  rate 
was  maintained  at  better  than  10  *  .  The  link 
loss  safety  margin  exceeds  the  design  value  of 
11.5  dB.  No  service  failures  have  been  reported. 
The  lightguide  network  does  not  suffer  from 
fading  due  to  climate  disturbances  -  a  very  real 
problem  with  the  microwave  systems.  Its  cable, 
being  contained  in  cable  ducts  within  the  city, 
or  buried  is  less  vulnerable  to  dlstt  bance. 


System  line-up  and  tests  are  much  simplified 
compared  with  the  microwave  transmission  system. 
A  number  of  elaborate  initial  line-up  and  test 
proceedures  are  eliminated,  such  as  antenna 
orientation,  RF  return  loss  and  interference 
tests.  Envelope  delay  measurement  and  equaliz¬ 
ation  are  also  not  necessary  because  of  the  wide 
bandwidth  of  the  lightguide.  The  lightguide 


This  is  the  first  application  of  90  Mb/s 
lightguide  transmission  in  a  large  scale  toll 
message  trunking  network  in  Canada.  It  has 
demonstrated  its  suitability  to  this  kind  of 
application,  especially  in  the  environment  of 
a  large  city,  where  underground  conduits  are 
crowded,  repeaters  not  desired,  microwave 
spectrum  congested  and  line  of  sight  insecure. 

The  fight  buffered  fiber  used  in  the  cable 
design  can  be  cabled  directly  without  application 
of  prior  protection  such  as  a  loose  buffer  as  in 
the  majority  of  present  cable  designs  in 
North  America.  This  reduces  cost  and  improves 
the  production  rate.  The  tight  buffered  fibers 
also  are  much  easier  to  handle  during  splicing 
and  other  installation  operations.  Further, 
the  fibers,  when  suitably  cabled,  exhibit  excell¬ 
ent  performance  over  the  wide  temperature  range 
encountered  in  North  America. 
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OPTICAL  FIBER  CABLE  FASTENED  TO  OVERHEAD  CROUND 
WIRE  WITH  LASHING  ROD 


K.  Fuse,  V.  Shirasaka,  S.  Kume,  M.  Kurokawa 
Y.  Obara,  L.  Kimata,  M.  Yoshizawa 

The  Furukawa  Electric  Co.,  Ltd. 

6-1  Marunouchi,  2  chome  Chiyoda-ku,  Tokyo,  Japan 


Summary 


This  report  deals  with  a  new  holding  method  of  che 
optical  fiber  cable  along  the  existing  overhead 
ground  wire  as  an  optical  fiber  system  utilizing 
power  lines,  which  has  been  successfully  developed 
by  the  authors.  — 

The  feasibility  studies  on  such  a  holding  method 
have  never  been  proposed  for  the  reason  of; 

1.  Absence  of  the  lightweight,  small-sized  optical 
fiber  cable  with  mechanical  properties  durable 
to  the  holding. 

2.  Unfamiliaritv  to  holding  and  installation 
methods . 


This  report  is  intended  to  discuss  details  of  the 
system  of  the  optical/ground  wire  separate  type 
of  high  strength  optical  fiber  cable  newly  developed 
by  The  Furukawa  Electric  Co.,  Ltd. 


The  features  of  the  new  system  are  detailed  in  the 
f ol lowing. 


1)  Utilization  of  non-metal,  FRP  covered  optical 
fiber  cable. 

2)  Lashing  rod  separating  method  allowing  use  of 
the  existing  ground  wire. 

3)  Development  of  new  holding  method. 

4)  Reliability  testing. 

5)  Wide-range  application. 


1.  Introduction 


This  paper  describes  the  installation  of  the  optical 
fiber  cable  developed  by  Furukawa  Electric  Co.,  Ltd. 
to  an  existing  overhead  ground  wire. 

Conventional  communications  systems  with  power- 
transmission  lines  have  employed  power-line  carrier 
systems  and  systems  involving  coaxial  cable  in¬ 
serted  in  an  overhead  ground  wire.  Such  systems 
have  a  considerable  number  of  problems,  such  as 
high  cost  and  poor  quality  due  to  the  insufficient 
separation  ot  communications  signals  from  the  high 
voltage  of  power  conductors,  or  to  noise  induction 
from  the  transmission  tine.  However,  with  the 
an-  arance  of  optical  fiber  it  has  become  possible 
to  use  fiber  communications  in  power  transmission 
systems.  Practical  applications  have  been  developed. 


/I 


2.  :'FILA  System1'  (Optical  Fiber 

Cable  Fastened  to  Overhead  Ground 
Wire  with  Lashing  Rod) 

2.1  Optical  Fiber  System  in  Power  Lines 

The  six  methods  shown  in  Fig.  1  are  considered 
possible  ways  to  use  optical  fiber  in  power  lines 
as  communications  circuits  and  monitoring  systems. 
However,  methods  (I)  to  (III)  have  been  judged 
undesirable,  because  they  all  require  extensive 
open  areas  limited  to  use  for  the  installation 
of  optical  fiber  cables.  The  power  line  method 
(V)  is  thought  to  be  difficult  to  put  into 
practice  at  present,  although  some  have  investi¬ 
gated  its  practical  appl icat ions .  The  direct 
fastening  or  hanging  of  an  optical  fiber  cable 
along  a  live  power  line  can  cause  damage  or 
deterioration  of  the  optical  fiber  due  to  the 
tracking  and  various  other  causes. 

On  the  other  hand,  the  self-supporting  method 
(IV)  and  ground  wire  method  (VI)  have  great 
possibil it ies  for  practical  use. 

The  sel f-supporting  method  can  utilize  existing 
power  line  pylons.  It  eliminates  most  of  the 
problems  such  as  suscept ibil ity  to  lightning 
and  tracking  deterioration  which  arise  in  other 
methods.  However,  hanging  optical  fiber  cables 
requires  tension  members,  so  that  it  is  necessary 
either  to  install  tension  members  or  to  use  self- 
supporting  optical  fiber  cables. 

The  facts  that  this  method  necessitates  the  use 
of  optical  fiber  cables  with  a  larger  diameter 
and  greater  weight,  and  that  the  cables  are 
subject  to  larger  wind  loads  make  the  use  of 
existing  pylons  with  their  unsufficient  structural 
strength  impossible.  Moreover,  the  length  of  the 
optical  fiber  cable  to  be  hung  can  cause  problems. 
It  is  a  critical  question  whether  or  not  the 
existing  pylons  can  provide  sufficient  height  for 
the  optical  fiber  cable,  in  consideration  of  the 
height  of  existing  power  lines,  as  well  as  of  the 
slugs  and  their  vibration. 

Consequently,  practical  employment  of  the  self- 
supporting  method  requires  extensive  cable- 
installation  areas,  an  optical  fiber  cable  with 
a  small  diameter  and  light  weight  to  minimize 
the  force  acting  on  the  pylons,  and  an  optical 
fiber  cable  of  higher  tensile  strength.  Practical 
use  of  the  self-supporting  method  is  anticipated, 
although  the  absence  of  optical  fiber  cables 
satisfying  above-mentioned  requirements  has 
prevented  its  practical  application  thus  far. 
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The  overhead  ground  wire  method  (VI)  detailed  below 
is  the  method  which  has  been  most  fully  investigated 
to  date. 


( I )  Direct  Burying  Method 

Ground  Wire 

k  -  h 

A  ' 

r*.  i —  •  - 

(ll)  Duct  Method 

Optical  fiber  Cable 

-TV - ••  .’v. 

(Ill)  Pole  Mounting  Method 

-- "  ♦  •  " -  ~ 

(IV)  Self-Supporting  Method 


(V)  Power  Transmision  Line  Method 


(T I  The  method  of  replacing  ground  wire  and  the 

cost  of  the  replacement  become  critical  factors 
when  an  optical  fiber  cable  is  inserted  in 
an  existing  ground  wire,  or  when  an  existing 
ground  wire  is  replaced  by  a  new  one,  although 
the  installation  of  a  new  groundwi re/opt ical - 
fiber-cable  system  is  accompanied  by  no  such 
problem. 

(T)  The  method  of  pulling  the  optical  fiber  cable 
out  of  the  ground  wire,  in  regard  to  which 
there  are  a  number  of  restrictions  and  a 
limited  degree  of  freedom,  becomes  a  tough 
problem  in  the  connection  of  optical  fiber 
cables. 

Unlike  the  integrated  system  the  other  one  involving 
the  fastening  of  an  optical  fiber  cable  along  a 
ground  wire  proves  that  the  two  problems  mentioned 
above  need  not  obstruct  the  practical  application. 
The  separate-type  OPGW  seems  to  handle  the  appl ica- 
tion  of  existing  ground  wires,  which  present  the 
most  serious  problems  for  the  integrated-type 
OPGW. 

(1)  Elemental  Formula 


Optical  Fiber 


Element 


(VI)  Optical /Ground  Wire  Method 


Fig.  1  Shematic  Diagram  of  Optical 
Telecommunication  System 
with  Power  line 


(ID  Spacer  Internal  Formula 


-Optical  Fiber 
Specer 

Element 


2.2  Ground-wire  Method 

It  can  be  said  that  at  this  point  optical  fiber 
integrated  with  ground  wire  is  the  method  offering 
the  greatest  possibilities  among  the  above  six 
methods.  It  minimizes  both  the  deterioration  due 
to  tracking  and  the  area  necessary  for  cable 
insinuation.  This  method  will  be  realized  as 
soon  as  a  way  to  use  existing  ground  wires  becomes 
available.  The  following  two  types  of  ground  wire 
can  be  supposed  usable  for  this  method: 

(1)  Optical  fiber  integrated  ground  wire 
(Integrated-type  OPGW)  l\2' 

(2)  Optical  fiber  fastened  ground  wire 
(Separate-type  OPGW) 3 ) 

The  following  methods,  shown  in  Fig.  2,  have  been 
examined  to  insert  optical  fiber  in  the  integrated- 
type  OPGW:  (1)  substituting  an  alminum  pipe  for  one 
element  cable  of  ground  wire,  (2)  stranding  a  long 
spacer  including  optical  fiber  units  with  element 
cables  of  a  ground  wire,  and  (3)  providing  a  hollow 
at  the  center  of  a  ground  wire.  These  methods  for 
creating  an  integrated  cable  are  accompanied  by 
the  following  two  problems. 


(IQ)  Central  Integrated  Formula 


Optical  Fiber  Unit 


.-Covering  Pipe 


-  Element 


Fig.  2  Example  of  Optical /ground 
Wire  Integrated  Type 


2.3  Separate-type  OPGW 


The  separate-type  OPGW  is  thus  expected  to  prove 
greatly  superior  to  the  integrated-type  OPGW. 

The  reason  the  separate  type  has  received  little 
investigation  is  that  the  optical  fiber  cable 
to  be  used  for  it  has  the  following  specific 
reouirements  which  must  be  satisfied  if  it  is 
to  be  put  to  practical  use: 

(1)  The  optical  fiber  cable  must  be  within  the 
allowable  tensile  strength  range  for  the 
power-line  pylon.  Optical  fiber  cable  with 
higher  tensile  strength,  lighter  weight, 
and  smaller  diameter  becomes  essential  to 
minimize  any  loads,  such  as  wind  load,  which 
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act  on  the  pylon  as  a  result  of  the  instal¬ 
lation  of  the  optical  fiber  cable. 

(2)  A  new  optical  fiber  cable  must  be  developed 
which  has  stable  transmission  characterise ics 
against  the  heating  and  elongation  of  a 
ground  wire  on  the  lightning. 

v3)  The  optical  fiber  cable  must  be  installed 
in  such  a  manner  as  to  make  various  types 
of  wind  damagerunl ikely :  galloping,  aeolian 
vibration,  wind  howling,  etc. 

(A)  The  optical  fiber  cable  must  a  sufficient 
mechanical  strength  to  resist  any  external 
iorce  possible  in  the  cable  instal lation . 

The  subsequent  chapters  deal  with  a  power- 
transmission  line  practically  built  for  the 
evaluation  of  the  design  and  installation 
of  the  attached  ground  wire  in  consideration 
of  above-mentioned  requirements. 


3.  Design 

3.  1  Fastening  Method 

Three  fastening  methods,  shown  in  Fig.  3,  have 
been  considered  for  the  installation  of  an 
optical  fiber  cable  to  an  overhead  ground  wire: 

(a)  Hanging  method, 

(b)  Lashing  wire  method, 

(c)  Lashing  rod  method. 

Adopted  here  is  the  lashing  rod  method  (c>, 
because  methods  (a)  and  (b)  include  several  such 
problems  in  their  systems,  as  will  be  described  in 
Chapter  4.  The  lashing  rod  itself  has  sufficient 
gripping  force  and  requires  no  particular 
restraining  device  in  the  passing-over  and 
terminating  sections  around  a  pylon.  In  addition, 
this  method  is  expected  to  limit  the  bad  effects 
such  as  galloping  and  howling  on  the  pylons  and 
the  environment. 


(A)  Lashing  Wire  Method 


Ground  Wire 


Optical  Fiber  Cable  lashing  Wire 


(B)  Lashing  Rod  Method 

lashing  Rod 

(C)  Hanging  Ring  Method 

N  Hanging  Ring 


Fig.  3  Optical  Fiber  Cable  Mounting 
Method  to  Ground  Wire  in 
Optical /ground  Wire  Separate  Type 


3.2 

-  |  -L>  ) 

Cable  Design 

A  practical  example  °f  installation  is  here 
described,  in  which  an  OPCW  is  fastened  to  existing 
power  lines.  The  power  line  has  a  rating  of 

132  kV  zeet,  the  main  conductor  cables  employ 

ACSR  "Hen,"  and  the  ground  wire  is  GSW  with  a 

30  mm'  cross  section. 

The  following  factors  should  be  noted  in  the 
design  of  the  optical  fiber  cable  fastened  to 
this  ground  wire; 

(o 

Small  diameter  (An  objective 
or  less.) 

0 .  D .  i  s  6  Iran 

(2) 

Light  weight 

(3) 

Ordinarily  employable  over  a 
range,  of  -30°C  to  1S0°C. 

temperature 

(4) 

No  problems  result  even  when 
temperature  is  raised  sudden! 
more . 

the  ground  wire 
y  to  200 °C  or 

(5) 

No  electrical  conducting  material  is  used. 

(6) 

Capable  of  containing  four  or 
fibers. 

more  opt ica I 

(7) 

Resists  ground-wire  vibrations  such  as  aeolian 
vibration  and  galloping. 

(8) 

Good  weather  resistance 

(9) 

Protected  against  lightning 

A  small  diameter  and  light  weight  are  regarded  as 
of  major  importance  among  these  characteristics. 

The  optical  fiber  cable  must  keep  the  existing 
ground  wire  within  the  designed  tension  allowance 
when  fastened  to  the  ground  wire.  For  this  reason, 
the  optical  fiber  cable  must  be  of  light  weight  and 
small  diameter  when  the  icing  up  and  wind  force 
are  considered.  A  light-weight  optical  fiber  cable 
is  also  desirable  for  workability  and  safety  in  the 
cable  installation,  a  process  in  which  a  drum 
containing  the  optical  fiber  cable  is  hung  on  the 
ground  wire  and  moved  along  it.  A  small  diameter 
optical  fiber  cable  allows  designing  of  a  lighter 
drum  without  respect  to  a  special  high-strength 
design.  Figure  4  shows  an  example  of  the  optical 
fiber  cable  designed  in  line  with  the  above- 
mentioned  considerations  and  actual iy  used.  The 
OD  of  the  optical  fiber  cable  is  6  mm  and  the 
weight  55  kg/km.  Ground  wires  are  generally 
designed  to  tolerate  temperature  increases 
of:  1  up  to  150°C,  caused  by  induction 

current  and  2  up  to  200°C,  caused  by 
lightning.  They  are  also  provided  with 
measures  against  icing  up  in  winter. 


Fig.  4  Cross-section  View  of  Optical 
Fiber  Cable  for  rtFILA  System1’ 
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Ordinary  optical  fiber  cables  have  a  structure  of 
fiber  elements  covered  with  thermoplastic  resin 
either  directly  or  in  pipe-like  form.  This  optical 
fiber  is  considered  to  be  extremely  difficult  to 
manufacture  into  a  cable  with  so  small  a  diameter 
as  b  mm  or  so,  because  the  fiber  has  a  maximum 
service  temperature  of  100°C  and  requires  heat- 
insulation  and  mechanical -protect  ion  layers  on  the 
fiber  when  used  for  an  OPGW. 

The  newly  developed  FRP  covered  optical  fiber  has 
proven  to  be  an  optical  fiber  optimum  for  the 
"FILA  System. *’  Considering  the  facts  that  the 
FRP  optical  fiber  shows  no  change  in  its  trans¬ 
mission  characteristics  at  temperatures  even  above 
200°C  if  the  time  of  the  heat  application  (lightning 
etc.)  developing  this  temperature  is  short. 

The  FRP  optical  fiber  is  not  deformed  when  subjected 
to  lateral  forces  from  the  lashing  rods  in  cable 
instal lat ion . 

The  FRP  optical  fiber  employs  fluorocarbon  resin 
(PFA)*  as  its  covering  material.  This  can  resist 
lateral  forces  from  the  lashing  rods  at  150°C  and 
has  excellent  weather-resistant  and  heat-resistant 
character ist ics . 

The  process  loss  increase  gives  only  a  small  change 
of  approx.  2.5  dB/km  for  an  LED  light  source 
whose  wave-length  \  -  0.85  pm,  as  shown  in  Fig.  5, 
throughout  the  period  from  the  state  of  optical 
fibers  to  the  completion  of  the  cable  installat ion . 


Fig.  5  Attenuation  Loss  Change  between 
Optical  Fiber  Production  to 
Installation 

*PFA:  Perf luoroalkoxy-modif ied  tet raf luoroethy 1 ene 


Tabic  l  Characteristics  of  Grand  Wire 


Ground  wire 

|  GSW  50  mm'’ 

Compos  it  ion 

: 

7/3.0 

Outside  dia. 

_ j 

9.0  mm 

Weight 

0.4  kg/m 

Elastic  modulus 

|  18,000  kg/mm' 

Coefficient  lenear  expansion 

0 .00001 2/°C 

Optical  fiber 

OD 

|  6 .0  mm 

•'able 

We ight 

j  55  kg/km 

Lashing  rod  weight 

44  g/rod 

Allowable  max.  tension  i 

|  1 ,600  kg 

3.3  Examination  of  Sag /Tension  Characteristics 

The  FRP  optical  fiber  cable  fastened  to  a  ground 
wire  of  50  mm'  GSW  has  been  tested  for  sag/ 
tension  characteristics. 

Listed  in  Table  1  are  the  specifications  of  the 
ground  wii*.  used  and  the  OD  and  weight  of  the  lashing 
rods.  The  wind  load  is  estimated  at  60  kg/m'  and 
the  icing  load  is  determined  by  0. 18  »d. 

Calculation  of  the  sag/tension  characteristics  is 
then  carried  out  on  the  ground  wire  with  optical 
fiber  cable  under  no-wind,  wind,  and  icing 
conditions,  respectively.  The  results  of  the 
calculations  are  shown  in  Figs.  6  and  7. 


200  250  300  350 

Span  Length  (m) 


Fig.  S  OP  GSW  50  mm2  Sag-tension  chart  (1) 


,MHS»  * 


SOm.;  + 


OP  GSW  60mm 
Tma«  ) 600fcg 
Conditio  ti 
-  1  ?  r.  No  Wind 
0  SOg  m  Steel 
15"C  Wind  60kg  n 


ISt.  No  wind 


?50  300 

Span  Length  (m) 


Fig.  7  OP  GSW  50  mm2  Sag-tension  Chart  (2) 
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The  sag/tension  calculation  uses  the  following 


equations : 

(K  -  <UE)}  =  M .  3.1 

K  •  f  1  -  (<^  ^S~E  .  3.2 

24  ff 

M  =  -55-(l.’')Js,t  .  3-3 

where : 


qi  -  load  coefficient  on  initial  condition 
q.  =  load  coefficient  on  objective  condition 
E  =  elastic  modulus  of  wire 
S  *  span  length 

t’l  s  wire  tension  per  unit  area  under 
initial  conditions 

f>  =  wire  tension  per  unit  area  under 
cable-installed  conditions 

In  the  calculation  it  is  assumed  that  the  optical 
fiber  cable  bears  no  partial  share  of  the  ground- 
wire  tension,  because  the  optical  fiber  cable  is 
only  fastened  to  the  existing  ground  wire.  The 
effect  of  ground-wire  elongation  ir.  the  20°  to 
200°C  range  on  the  optical  fiber  cable  is  estimated 
by  calculating  the  actual  length  of  the  ground 
wire  at  a  temperature  of  200°C  on  the  assumption 
that  the  ground  wire  is  heated  by  the  flowing 
current  by  the  flash-over  in  lightning. 

A  strength  check  is  made  on  supporting  devices 
to  ensure  the  safety  of  power  lines.  Under 
the  most  severe  conditions  the  optical  fiber  cable 
increases  the  ground  wire  tension  by  approx. 

300  kg.  Although  the  sag  in  the  ground  wire 
increases  by  0.3  m  to  0.5  m  due  to  the  weight  of 
the  optical  fiber  cable  in  ordinary  temperature 
conditions,  this  remains  within  the  allowable 
range  for  clearance  between  the  ground  wire  anc 
the  main  conductor  cable,  causing  no  problem. 

The  elengation  of  the  ground  wire  at  a  high 
temperature  of  200°C  is  estimated  at  0.2%  or 
less.  This  shows  that  the  elongation  of  the 
ground  wire  detracts  little  from  the  long-term 
reliability  of  the  OPGW. 

4.  Installation  Processes 

4. 1  Fastening  Optical  Fiber  Cable  to 
Cround  Wire 

The  installation  process  is  one  of  the  most 
critical  of  tht*  techniques  in  the  "FILA  System." 

The  existing  ground  wire  is  installed  at  higher 
levels  of  20-40  m  above  the  ground  and  with  longer 
spans  of  100-400  m.  These  give  rise  to  two  problems 
in  methods  of  laying  and  fastening  optical  fiber 
cables.  However,  a  full  investigation  has  elimi¬ 
nated  such  difficulties  in  the  "FILA  System." 

There  are  three  general  methods  of  fastening  of 
an  optical  fiber  cable  to  ground  wire. 

The  lashing  wire  method,  though  mechanically 
feasible,  contains  higher  possibilities  of  short- 
circuiting  with  power  lines  if  the  lashing  wire 
should  break.  This  method  provides  insufficient 


grip  force  for  an  optical  fiber  cable.  The  hanging 
method  is  also  not  recommended  because  of  the  lack 
of  an  adequate  grip  force  for  the  optical  fiber 
cable  and  the  application  of  localized  pressure 
on  the  optical  fiber  cable. 

The  method  employing  lashing  rods  is  therefore 
adopted;  the  lashing  rod  is  non-con t inuous  and 
gives  sufficient  grip  force. 

A  new  cable  running  method,  outlined  below,  is 
attempted.  It  applies  little  tension  to  the 
optical  fiber  cable  to  be  run,  and  takes  advantage 
of  the  FRP  optical  fiber  cable  with  a  small 
0D  of  6  mm  and  light  weight  of  55  kg/km. 

The  cable  laying  method  applied  to  the  "FILA  System” 
consists  of  the  following  processes  as  shown  in 
Photo  J : 

0  The  necessary  length  of  FRP  optical  liber  cable 
is  wound  on  a  traveling  drum  (weighing  only 
22  kg)  specially  designed  to  allow  it  to  be 
hung  from  the  ground  wire. 

(T)  The  drum  containing  the  optical  fiber  cable 

is  hung  from  the  ground  wire  and  pulled  along 
the  wire  with  a  pilot  rope,  laying  the  optical 
fiber  cable  as  it  goes. 

©  A  worker  in  a  gondola  follows  the  traveling 
drum  and  fastens  the  optical  fiber  cable  to 
the  ground  wire  with  lashing  rods  at  regular 
intervals. 

The  existing  ground  wire  is  made  of  3.2  mm  dia 
galvanized  steel  wires  interwined  in  a  1-6  array. 

The  lashing  rods  are  2.4  mm  in  diameter  and  75  mm 
long.  They  are  spaced  25  cm  apart.  The  cramping 
time  is  50  to  60  min/ 100  m.  The  traveling  drum 
and  gondola  are  sat isfactoril y  transfered  across 
each  pylon.  A  view  of  the  cable  laying  process  is 
shown  in  Photo  I. 


Photo  1  A  view  of  Cable  Laying  Process  by 
Traveling  Drum 
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No  J 


/Y0  2  Overhead  Power  Grouod  Wire 


Fig.  3  S'.iematic  Installation  Diagram  of 
Optical  Ground  Wire 


4.2  Method  of  Passing  Over  and  Terminating 
Cables  Around  Pylon 

The  optical  fiber  cable  is  protected  by  inserting 
it  into  plafleky®  ta  corrugated  PE  pipe  covered 
with  flexible  PVC,  made  by  The  Furukawa  Electric 
Co.,  l.td.)  which  covers  all  passing  over  sections 
of  the  optical  fiber  cable  at  the  pylon  and  all 
terminating  sections  from  the  top  of  the  pylon 
to  the  point  where  the  optical  fiber  cable  is 
connected.  This  prevents  the  optical  fiber  cable 
from  being  damaged  by  the  variety  of  maintenance 
operations  performed  on  the  pylon.  Combining 
the  plaflekv  1  containing  the  optical  fiber 
cable  with  the  ground  wire  eliminates  the  genera¬ 
tion  of  stress  concentration.  Optical  fiber  cable 
without  plafleky  £  reaches  its  largest  vibra¬ 
tion  amplitude  near  each  pylon  because  of  the 
tendency  of  the  optical  fiber  cable  to  separate 
from  the  ground  wire.  The  method  of  inserting 
the  optical  fiber  cable  into  the  plallekv-® 
involves  fixing  the  plafleky to  the  connecting 
box  beforehand  and  by  pushing  an  end  of  the  optical 
fiber  cable  into  the  plafleky 
No  pull-rope  is  employed  because  of  the  small 
diameter  and  high  degree  of  rigidity  of  the  FRP 
optical  fiber  cable.  Photos  2  and  3  show  some 
states  of  the  operation.  The  principal  components 
involved  in  the  installation  are  listed  in 
Table  2. 


Table  2  Tools  and  Accessories  for  Installation 


Component 

!  Specification 

Plafleky  "A 

Self-extinguishing  flexible 
conduit,  16  mm  ID  and  23  mm  0D 

Hi  lux  k 

i  Jig  for  fixing  plafleky  ^ 
j  (made  by  Negurosu  Elec.  Corp.) 

Trave l ing  Drum  1 

Capable  of  continuous  cable 
laying  of  2  km  max.,  22  kg  weight 

Pilot  Rope 

For  traveling  drum  traction  0  mm 

1  dia . 

Lashing  Rod 

For  fixing  the  optical  fiber 
[cable,  2.4  mm  dia  and  750  mm  long 

Photo  2  Terminating  Cables  Around  Pylon 


Photo  3  Terminating  Cables  Around  Pylon 


4.3  Post- Installation  Checking 

An  optical  fiber  cable  is  installed  across  approx. 
530  m,  as  shown  in  Fig.  8.  A  connection  is 
provided  below  the  No.  I  pylon,  simulating  an 
actual  cable  and  its  connection,  and  the  optical 
fiber  cable  is  drawn  into  a  building  where  measure¬ 
ments  are  conducted.  Two  of  four  cores  arc  return- 
connected  to  measure  occasional  changes  in  trans¬ 
mission  loss.  One  core  transmits  t lie?  image  signals 
t rom  an  ITV  camera  to  the  building,  for  monitoring 
icing  and  galloping. 


5.  Reliability  Tests 

The  following  outlines  some  representative 
examples  of  reliability  tests  which  have  been 
carried  out.  A  number  ol  evaluation  tests  for 
reliability  of  the  Separate-type  OPOW  are  needed 
because  the  Separate-type  0P0W,  unlike  the 
Integrated  type  has  an  optical  fiber  cables  out¬ 
side  the  ground  wire,  which  acts  an  arrester, 
and  must  ensure  high  reliability  for  a  long  time 
of  the  OPGW  and  power  lines. 
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5.1  Lightning  Test 


The  Separate-type  OPCW  must  he  provided  with 
lull  pretention  against  lightning. 

The  toll  owing  problems  are  assumed  in  lightning 
phenomena : 

t! 1  Problems  aceompuny ing  the  tlashover  caused 

by  di!'^-  t  u  :  mcu.-.  rgL  oi  1  i  gh  l  n  i  :n;  to  ground  wire, 
(voltage,  current,  and  arc). 


2  > 

Probl 

!  e"!S  , 

n  e 

urreat 

gtiur 

.it  ion 
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v-,1  Problems  involving  the  heat  general  ion  of 

th.e  ground  wire  caused  by  induced  currents. 
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t  e  S  t  t  0 

enon  is 
i  !>  i  i  i  t  v 
heaths  due  to  a  di 
e  test  ing  net  hod  i 


an 


i , 


J  ,UtM 
cc  t  rod*. 


t rode  is  placed  next  to  the 
aid  impulse  voltages  — 

,  and  kV  —  are  imposed 

Attenuation  of  light  through 


the  s'ptia!  s  i  in  :  men  i  t  ored  . 

An  elect  ri.al  di.*>.  h.»rge  is  .dnown  in  Photo  3. 

The  results  ot  tin  test  show  that  the  inpulse 
v  o  1  t  a  gt  caust  s  i  di-..  ::jrge  to  the  surface  of  the 
cable  sheath  in  -■  •(  .Mi-.-n,  but  damage  to  the 

cable  i  t  stl  !  in  ;  i  i  1 1  <l  -m.i  ’  ,  .  The  attenuation 
increase  tvma  i  n  within  tin-  range  of  tile  measure¬ 
ment  error.  Tin-  entica!  :  iber  cable  used  in  this 
svslent  I'lisiiti  s  tii.it  it  cun  withstands  some  3,000  kV 
i mpu ! se  vo 1 l agi  . 

A  current  heating  test  i ^  carried  out  to  determine 
the  critical  temperature  as  a  simulation  ot  ground- 
wire  heating  due  to  tin  urreat  of  rower  flash  over. 
No  attenuation  increase  is  monitored  in  the  optical 
fiber  cable  after  -3  hours  at  250  C.  fn  this  test, 
the  optical  fiber  cable  was  subjected  to  heat 
shocks,  repeated  three  times,  involving  heating  of 
up  to  200 7  C  in  a  few  minutes  and  cool ing  to  normal 
temperature,  with  the  attenuation  continuously 
mon it ored . 


Photo  h  shows  a  specimen  for  finding  the  tempera  tun 
limit  oi  tin-  optical  fiber  ruble  heated  in  excess 
of  the  melting  point  (260  C)  oi  the  fluorocarbon 
resin  PFA  which  is  used  as  the  sheath.  It  is 
recognized  that  the  cable  sheath  has  leit  deposits 
on  the  ground  wire  because  of  the  heat,  but  no 
attenuation  increase  is  detected.  The  PFA  used 
for  the  cable  sheath  was  selected  in  consideration 
of  its  good  tracking  properties  and  its  excellence 
in  both  ..eat- and  weather-resistance. 


Photo  5  At  the  Time  of  the  Arc  in  Impulse  Test 


Photo  4  Impulse  Test 


Photo  6  A  Optical  Fiber  Cable  Heated 

in  Excess  of  the  Melting  Point 


5,2  Wind  Damage  Test 

Damage  from  wind  is  along  with  the  lightning 

test  the  other  most  important  test. 

The  following  problems  are  listed  as  assumable 

from  wind  damage. 

(1)  Fatigue  of  the  ground  wire  due  to  ieo) inn 
v i b  ra t ion . 

(2)  Tension  increase  in  the  ground  wire  due  to 
gal  1  oping. 

(3)  Tension  increase  in  the  ground  wire  due  to 
a  wind  load. 

(4)  Environmental  properties  against  howling. 


International  Wire  &  Cable  Symposium  Proceedings  1982 


83 


Absorbed  Energy  Of) 


Amplitude  (mm) 


Amplitude  (mm) 


Fig.  9  Energy-absorption  Charactiristics 
of  GW  50  mm2 


Fig.  10  Energy-ahsorption  Charactiristics 

CW  50  with  Optical  Fiber  Cable 


Fig.  11  Aeolian  Energy  Transmitted 
from  Wind  to  the  CW  50  mm2 


Frequency  (mm) 

Fig.  12  Aeolian  Energy  Transmitted  from 
Wind  CW  50  mm2  with  Optical 
Fiber  Cable 
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).  13  Relationship  between  Vibrating 
Frequency  and  /Vnplitude  of 
GW  50  mm2 


Photo  7  Vibration  Test 


bi-twcui  tin*  coin!  i  l  ions  of  the  50  around  wire 

with  and  without  the  fastened  opt:-  ii  t  ibt r 
c.ible.  In  the  comparison  the  amplitude  ol  the 
ground  wire  at  each  frequency  is  estimated  using 
the  energy  balance  method  in  which  the  energy 
difference  is  determined  from  the  vibration 
(input)  energy  transmitted  from  wind  ti  the  ground 
wire  and  the  energy  consumped  (abrored)  by  the 
ground  wire.  Figures  9  and  10  show  the  energy- 
absorption  characteristics  of  51)  mm  GW  alone 
and  50  mm'  GW  with  optical  fiber,  respectively, 
for  each  frequency.  On  the  other  hand.  Figs. 

11  and  12  indicate  the  Aeolian  energy  transmitted 
wind  to  the  ground  wire.  Figure  13  shows  the 
relationship  between  frequency  and  amplitude 
obtained  from  the  energy  balance  point  found  on 
Figs.  9  or  10  and  Figs.  M  or  12.  Figure  Id 
apparently  proves  that  no  problem  arises  from 
the  installation  of  the  optical  fiber  cable, 
because  the  ground  wire  with  the  optical  liber 
cable  shows  a  reduced  amplitude  fr  m  that  of  the 
30  tain-  GW  alone.  (However,  the  case  in  which  an 
optical  fiber  cable  is  attached  to  the  ground 
wire  in  positions  where  provision  for  vibration 
is  required.  Should  be  separately  examined.) 

The  overall  view  of  the  vibration  test  is  illustrate 
in  Photo  7,  and  the  optical  fiber  cable  fastened  to 
50  :rtm  GW  in  Photo  8. 

No  galloping  and  howling  —  problems  (2)  and  (-.) 

—  can  easily  develop  because  of  the  structural 
design  of  the  lashing  rod  with  an  S-7.  turn. 

In  spite  of  this,  monitoring  is  maintained  on  t In¬ 
tension  change,  frequency  of  vibration,  and 
attenuation  on  a  300  m  single-spanned  experimental 
line  built  in  a  place  where  galloping  is  especially 
likely  to  occur. 

Problem  (3)  is  as  described  in  Article  3.3. 


Photo  8  Optical  Fiber  Cable  Fastened 

to  Ground  Wire  with  Lashing  Rod 
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6.  Conclusion 


The  "FI LA  System"  (Separate-type  OPCW)  is 
possessed  of  the  following  advantages: 

1 1 1  Non-metal  1 ic  optical  liber  cable  using 
light-weight  and  small -diameter  FRP 
optical  fiber  with  excellent  lateral -force 
resistance  and  durability. 

(2)  Capability  of  installation  with  lashing 
rods  allowing  application  to  existing 
ground  wires. 

(3)  Economical  installation  processes  with  a 
newly  developed  traveling  drum  and  gondola. 

1.41  Versatility 

However,  further  examination  needs  to  be  made  on 
the  obstacle  effect  from  lightning  strikes  and 
on  the  long-term  reliability,  including  weather 
resistance,  because  this  system  is  quite  new. 
Apart  from  this  particular  application,  several 
experiments  are  under  way  to  put  this  system  to 
practical  use  by  utilizing  existing  power  lines. 
The  new  FRP  optical  fiber  with  higher  strength 
has  created  this  "FILA  System,”  which  is  expected 
to  increase  the  possibilities  for  the  advent  of 
new  connr.unicdt  ions  systems  utilizing  power  lines. 
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Abstract 

It  has  been  obtained  a  single  expression  among  magnitudes  in¬ 
dependently  measured:  core  diameter  and  numerical  aperture 
total  maximum  of  the  fibers  to  be  spliced,  and  the  loss  of  the 
arc  fusion  splice  between  them.  This  expression  is  suitable  to 
be  applied  in  junctions  located  in  the  proximity  of  the  trans¬ 
mitter  equipment,  and  whose  optical  and  geometrical  charac¬ 
teristics  above  mentioned  are  within  of  the  tolerances  of  t  3 
pm  and  t  0.02  respectively.  Applying  that  expression  it  is 
possible:  a)  To  foresee,  with  a  fair  approach,  the  real  losses 
of  the  splices:  b)  To  estimate  a  real  acceptance  range  in  the 
quality  of  splices  to  be  made  in  plant,  and  c)  To  choose  the 
best  values  of  arc  current  and  time  operation  to  do  fusion  spli¬ 
ces  in  accordance  with  the  optical  nature  of  the  fibers. 


1.  INTRODUCTION 

Since  the  use  of  the  MC'VD  method  in  1974,  the  reduction  of 
optical  fiber  losses  has  reached  an  important  succeses.  Nowa¬ 
days.  optical  fibers  with  losses  of  no  more  than  0.2  dB/Km' 
have  already  been  experimentally  obtained.  As  a  consequen¬ 
ce  it  is  evident  the  importance  to  reduce  the  losses  in  splices 
among  such  fibers. 


The  insertion  loss  of  an  optical  fiber  splice  tor  connection),  dc- 
pendens  upon  many  factors,  both  extrinsic  and  intrinsic.  Ex¬ 
trinsic  factors  are  longitudinal,  transverse  and  angular  misalig¬ 
nments  of  the  cores,  quality  of  the  ends,  skill  to  make  splices, 
choice  of  the  suitable  technique,  etc.  Intrinsic  factors  are  mis¬ 
matching  of  fiber  parameters,  such  as  core  and  cladding  diame¬ 
ters,  numerical  aperture  and  index  gradient. 


Our  present  experiences  !  show  us  that  with  optical  commer- 
cialiced  cables  of  6  or  8  optical  fibers  operatives  around 
850  nm  and  with  attenuation  maximum  coefficients  of  3  and 
4  dB/Km.  it  is  not  possible  to  obtain  transmission  sections 
with  similar  (±  1  dB)  losses,  when  the  splices  have  been  done 
between  fibers  with  the  same  color  code  in  their  secondary 
coating. 

Moreover,  we  could  see  that  if  we  choice  the  fibers  to  be  join¬ 
ted,  using  as  criterium  the  more  convenient  sequence  in  atte¬ 
nuation  coefficients,  in  order  to  equalize  each  transmission  fi¬ 


ber  section  in  each  splicing  stage,  the  influence  of  the  core  dia¬ 
meter  and  numerical  aperture  tolerances  (arc  fusion  procedu¬ 
re)  associated  to  those  fibers  chosen,  could  give  rise  to  losses 
between  0.1  dB  and  0.3  dB.  Although  such  values  are  usuals 
with  multimode  graded  index  of  above-mentioned  attenuation 
coefficients,  we  think  they  would  be  undesirable  for  lower 
coefficients. 

The  splices  commented  are  located  far  from  transmission 
equipment,  that  is  for  those  where  the  incident  fibers  has  rea¬ 
ched  their  equilibrium  lengths  and  the  power  modal  distribu¬ 
tions  and  emergence  angles  are  around  60  or  70  “/  of  the 
core  diameters  and  numerical  apertures  of  the  acceptant  fibers. 
For  these  reasons,  the  mean  causes  of  the  losses  in  these  splices 
are  in  the  differences,  point  by  point,  between  incident  and 
acceptant  refraction  index  profiles  of  the  cores,  produced  by 
technological  sources  (no  concentricity,  different  preforms, 
etc)  or  from  extrinsic  factors  (inaccuracy  alignment,  inco¬ 
rrect  handling,  improper  procedure,  etc). 

Moreover  there  are  other  kind  of  splices,  those  in  the  proximi¬ 
ty  of  the  transmission  equipments,  where  the  distance  bet¬ 
ween  launch  end  and  the  splice  is  shorter  than  the  equilibrium 
length  of  the  incident  fiber.  In  these  cases,  the  efficiencies  are 
not  only  dependent  of  the  inequalities  of  the  geometrical  and 
optical  characteristics  parameters  of  both  fibers  and  their  tole¬ 
rances  but  there  is  a  more  emphasized  dependence  from  the 
extrinsic  factors,  than  in  the  splices  above  commented.  Such 
infiuence  is  shown  through  the  non  repetibility  of  the  losses 
and  their  standard  deviations. 

In  this  contribution  we  have  concentered  the  efforts  on  the 
latest  kind  of  splices.  We  have  reduced  to  the  minimum  the 
extrinsic  sources  of  the  losses  thorugh  the  repetition  of  the 
same  splicing  procedure  made  by  an  only  person.  So.  we  have 
minimized  the  non  concentricity  as  a  source  of  loss  by  a  con¬ 
trol  of  the  best  alignmen  between  both  cores  through  of  the 
signal  backscattered  from  the  fibers  confronted,  before  to 
apply  the  arc  current.  From  these  conditions,  and  taking  into 
account  that  the  tolerances  of  the  geometrical  and  optical  cha¬ 
racteristics  of  fibers  (graded  index  and  multimode)  are  in  line 
with  those  from  CC1TT,  we  propose  a  practical  formulation 
to  calculate  the  splice  losses  in  terms  of  those  characteristics. 


2.  EXPERIMENTAL  PROCEDURE 

The  splices  were  carried  out  in  one  end  of  a  commercialized 
optical  cable.  350  m.  long,  containing  six  silica  fibers  (CVD 
Technology).  Each  of  six  fibers  was  spliced  to  five  remaining 
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and  the  loss  was  measured  for  both  transmission  senses.  This 
operation  was  made  three  times  on  the  same  cable  end.  Also, 
three  splicing  series  of  each  fiber  with  itself  were  carried  out 
by  previously  cutting  50  m  from  the  original  cable  and  spli¬ 
cing  them  later,  figure  I  shows  both  situations. 

The  splices  between  differents  fibers  t figure  la)  reached  a  to¬ 
tal  of  d0.  resulting  from  them  180  loss  values.  The  splices 
made  between  the  same  fibers  (figure  lbi  reached  a  total  of 
18,  and  their  loss  values  36. 

The  108  splices  were  made  by  a  same  procedure  through  the 
followings  stages 

Optical  fibers  ends  preparation. 

Alignment  and  fixing  of  both  ends. 

-  Prefusion 
Fusion. 

The  measure  of  each  splice  was  made  in  two  steps 
Splice  preparation 

Measure  of  the  losses  in  the  two  senses  of  pro¬ 
pagation  through  the  splice,  by  means  of  backs- 
cattered  signals  (OTDR ). 

Once  finished  all  measures,  we  cut  2  m.  of  optical  fibers  in 
the  same  end  of  cable  we  had  made  the  splices  among  diffe¬ 
rent  fibers,  and  it  was  measured  each  core  diameter  and  nu¬ 
merical  aperture  total  maximum. 

The  main  aspects  in  the  stages  above-mentioned  were  the  fo¬ 
llowing: 

a.  Control  of  :  I .  The  quality  of  the  ends  of  fiber:  2.  Their 
relative  parallelism  before  the  prefusion  stage:  and  3.  The 
result  of  the  final  process  of  the  splice.  All  these  controls 
were  made  visually,  through  a  microscope  with  zoom 
eyepiece  (100  X)  in  two  ortogonal  directions  respect  to 
the  common  axis  of  fibers. 

b.  Control  of  the  final  alignment  before  fusion  stage,  this 
operation  was  made  in  two  steps.  First  was  visual  contro- 
led  with  the  same  microscope  used  for  preceding  con¬ 
trols,  but  arranged  to  a  lower  magnification  (20  X)  and 
with  and  eyepice  with  a  special  reticle  in  its  focal  plane, 
in  such  a  manner  to  see  in  superposition  the  image  of 
both  fibers  and  the  reticle.  Second  control  was  made  after 
visual  already  commented  and  through  the  backscattered 
signal.  Practically,  this  latest  control  was  made  to  maxi¬ 
mize  the  efficiency  of  the  transparence  of  optical  signal 
between  fibers,  and  to  determine  quantitatively  a  begin¬ 
ning  to  the  prefusion  and  fusion  processes. 

c.  The  fusion  machine  allowed  to  establish  the  more  conve¬ 
nient  values  of  arc  current  intensity  and  time  operations 
to  made  both  processes:  prefusion  and  fusion.  The  cho¬ 
sen  values  were  the  same  for  all  the  splices  and  were  fi¬ 
xed  in  accordance  with  optical  fibers  manufacturer  reco- 


mendations  and  a  previous  experience3  Such  values  were 
The  following 

Prefusion  :  12  mA  during  240  niseg. 

Fusion  12  mA  during  2500  mseg. 

d.  Prefusion  was  made  being  both  fiber  ends  separated  bet¬ 
ween  50  and  70  pm.  being  the  electrodes  simetrieally 
centered  respect  to  these  ends. 

e.  Fusion  was  made  in  three  stages  1st  -  With  the  microsco¬ 
pe  in  100  X  magnification,  we  placed  both  fibers,  already 
optimized  in  alignment,  separated  nearly  20  pm.  with 
the  electrodes  simmetricaly  centered  respect  to  them: 
2nd  -  We  conected  the  arc  fusion  current:  3rd  -  When 
both  ends  are  in  the  “meltpoint".  we  produced  two  mo¬ 
tions:  first,  an  approximation  to  joint  both  “melt  ends'', 
and  inmediately,  a  separation  to  recuperate  the  original  fi¬ 
ber  diameter.  The  criterium  used  to  reject  one  splice  were: 
the  presence  of  deformations  nearly  higher  than  t  100/„ 
respect  to  the  fiber  diameter,  as  soon  as  the  presence  of 
irregularities  inner  the  fiber.  Owing  to  these  causes  it  was 
necessary  to  repeat  8  splices  on  the  whole  of  108. 

f.  Taking  into  account  the  short  distance  (350  m)  between 
the  launch  end  and  the  splice,  and  in  order  to  secure  that 
the  loss  of  each  joint  was  produced,  exclusively,  by  light 
propagating  from  core  (incident)  to  core  (acceptant).  it  has 
been  placed  a  stripper  to  eliminate  cladding  modes  on  the 
same  splice. 

g.  The  loss  of  the  splice  was  measured  by  arc  equipment 
I.UTDR  )  from  the  signal  backscattered  from  the  splice.  The 
measure  was  made  on  the  screen  of  an  oscilloscope  in 
which  it  was  possible  to  have  a  resolution  of  ±  0.03  dB. 
Figure  2  is  a  representation  of  backscatter  signal,  and  the 
loss  of  the  splice  was  calculated  from : 

P, 

P(dB)  =  Slog  -  -  (1) 

PA 

where  P(  and  ?A  are  backscatter  signal  levels  between 
points  close  to  the  splice.  P,  from  incident  core  and  PA 
acceptant  core. 

h.  The  core  diameters  (and  their  non  circularities)  have  been 
measured  from  a  microphotographic  method.  Microscopic 
Technique  v  as  of  phase  contrast  (Nomarski  Method)  and 
it  was  appl.  J  on  the  ends  of  the  fibers  previously  prepa¬ 
red.  All  the  ends  were  simultaneously  introduced  (2s.)  in 
hydrofluoric  acid,  and  the  photographies  have  been  taken 
12  hs  later.  Nomarski  method  with  the  same  magnifica¬ 
tion  (200  X),  was  also  used  to  take  a  photography  of  a  ca¬ 
librated  micrometer  on  the  same  Film  than  the  fibers  had 
been  taken.  Afther  a  common  develope  process,  we  mea¬ 
sured  core  diameters  on  images  of  cores  of  40  mm  of  dia¬ 
meters.  From  such  procedure  the  precision  obtained  was 
±  0.5pm. 
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The  total  maximum  numerical  apertures  were  measured 
from  far  field  tecnique  with  a  precision  of  ±  0.003.  The 
samples  of  fibers  had  2m  long,  and  they  were  iluminated 
with  small  spot  sire  (  -  10  gm)  and  large  aperture  (0.6). 
The  opposite  end  was  in  a  stripper,  in  order  to  detect 
and  measure  light  only  propagated  through  the  eore.wich 
it  has  been  checked  for  each  sample. 


3.  EXPERIMENTAL  RESULTS 

Table  1  shows  the  values  of  Core  Diameters  (  Dc0>  and  to¬ 
tal  maximum  Numerical  Aperture  (AN )  Each  Devalue  co¬ 
rresponds  to  an  average  of  measures  on  three  axis,  from  wich 
we  also  have  measured  the  respective*  non  circularities,  in 
this  sense,  none  of  the  cores  has  shown  values  larger  than  3.8 
°/o  .  In  table  I  also  is  shown  the  averages  (AV)  and  stan¬ 
dard  deviations  <SD)  for  all  the  fibers 


5th  column  includes  the  values  of  the  losses  measured  for 
each  splice,  P(dB)  in  accordance  with  the  sense  of  propa¬ 
gation  indicated  in  the  1st  column  Each  value  of  loss  is  an 
average  among  6  measures  on  splices  between  diferent  fi¬ 
bers.  and  among  3  measures  for  splices  between  each  fi¬ 
ber  with  itself,  (from  Table  2). 

Figure  3  shows  a  linear  graphic  representation  of  experi¬ 
mental  points  (PA  I  from  columns  4th  and  5th  of  Table 
3  On  each  point  we  have  represented  the  experimental  in- 
determination  associated  to  P  and  X.  t  0.03  dB  and 
t  0  05  respectively. 

Independently  of  the  true  dependence  law  between  P  and 
X.  we  have  found  an  interdependence  definited  from: 


P,.  (dB) 


Table  2  presents,  for  each  sense  of  propagation,  all  the 
measures  of  the  losses  on  each  splice.  Two  last  columns 
shows  the  averages  (Pi,  which  will  be  the  experimental  values 
of  the  losses  of  the  splices  and  their  standard  deviations 


Table  3  is  divided  in  five  columns: 

1st  column  defines  each  splice  and  the  sense  in  which  the 
loss  has  been  measured,  from  incident  (1)  core  to  accep- 
tant  (A)  core. 


when  m  <  0  and  Pco  >  0.  This  expression  has  been 
calculated  as  a  linear  regression  of  experimental  values  of 
P(dB)  on  experimental  values  of  X.  in  agreement  with 


Table  3.  From  now  on. 
of  the  losses. 


will  indicate  calculated  values 


Such  correlation  has  been  found  for  splices  between  diffe¬ 
rent  optica)  fibers  as  it  is  shown  in  Table  4  This  Table 
presents  five  columns  and  must  be  interpreted  in  the  follo¬ 
wing  form: 


2nd  column  gives  the  values  of  Xc0  definited  from. 


l)co  (A) 

Deo 


where  Dc0  (A)  and  Dc0  (1)  are  the  core  diameters  of 
acceptant  and  incident  fibers  respectively,  and  accordan¬ 
ce  with  measures  in  table  1. 


For  the  X  values  definited  in  the  1st  column, 
there  are  N  experimental  points,  (PA),  which 
linear  correlation,  of  slope  m  and  origin-or- 
denatc  Pc0  tdtil.  have  a  correlation  factor  of  r. 

As  Table  4  shows,  there  is  an  increment  of  r  for  the  situa¬ 
tion  in  wich  it  is  taken  into  account  all  the  losses  (N  =  36. 
r  =  0.67),  to  the  situation  in  wich  are  eliminated  the  losses 
of  splices  between  each  optical  fibers  and  itself  (N=  30. 

r  =  0.87). 


3rd  column  gives  an  equivalent  parameter  of  2nd  column, 
but  respect  to  the  numerical  aperture  from . 

AN  (A) 

X  „  =  - -  (3) 

AN  AN  (1) 

4th  column  shows  an  interdependence  parameter  from 
the  above  definited  Xco  and  XA  N  ,  through: 


X  =  XJco  •  X’AN 


It  is  clear  also  that  .  if  they  are  eliminated  successively  data  of 

losses  from  splices  between  different  fibers  from  X  =  I  in 

increasing  steps  (of  0.05  in  our  case),  independently  of  the 

improvement  of  the  correlation  factor,  there  is  a  very  small 

variation  of  m  and  Pco  (dB).  Such  circunstance  is  shown  at 

the  botton  of  the  same  Table  4  for  all  the  linear  regressions 

with  r  >  0.9  .  where  they  are  the  average  values  m  and  PCQ 

with  their  respectives  standard  deviations,  o—  and  op 

m  r 

On  taking  these  calculated  average  values  as  representatives  of 
the  variation  of  the  losses  of  the  splices  respect  to  the  parame¬ 
ter  X.  we  have  the  expression: 


Pc(dB)  =  -0.165  X  -*0.327 
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and  ,  if  we  calculate  Pc  for  our  experimental  X,  we  can 
show  Table  5  and  Figure  4. 

Table  4  presents,  for  all  the  splices  between  different  fibers 
with  their  respectives  values  of  X,  the  losses  measured  P(dB) 
and  calculated  P£  (dB)  from  (6),  and  their  relative  differen¬ 
ces  A  P  (dB),  Figure  4  compares  graphically  such  values  of 
losses  through  experimental  points  and  the  calculated  correla¬ 
tion. 


4.  DISCUSSION  AND  CONCLUSIONS 

Starting  from  graded-index-multimode  optical  fibers,  with 
the  same  technological  origin;  and  then,  with  the  same  no¬ 
minal  values  in  their  core  diameters  and  numercial  apertures, 
it  is  possible  to  find  a  linear  dependence  between  a  quadra¬ 
tic  ratio  of  mentioned  characteristics  and  the  losses  of  the 
splices  between  them,  for  points  in  the  proximity  of  launch 
end.  The  only  experimental  conditions  to  obtein  this  depen¬ 
dence  are  to  secure  the  good  repetibility  of  the  splice  proce- 
ses  and  the  measure  of  their  efficiencies. 

This  linear  dependence  takes  the  form : 

P(dB)  =  mX  +  Pc0  (7) 

with  m  <  0  and  Pc0  >  0.  It  must  not  be  considered  as  a 
law  of  dependence  for  all  the  possible  values  of  X,  but  as  a 
experimentally  useful  dependence,  with  a  good  correlation 
factor,  for  fibers  which  core  diameters  and  numerical  apertu¬ 
res  have  the  same  nominal  values  with  limited  tolerances. 

X  is  definited  from . 


^co 

.  AN)2 

of  the  acceptant  fiber 

®co 

.  AN)2 

of  the  incident  fiber 

If  Dco  and  AN  of  the  two  fibers  have  the  same  nominal  va¬ 
lues  (p.e.  50  pm  and  0.2),  their  respective  deviations  will  ue- 
fine  the  field  of  application  of  the  practical  dependence  pro¬ 
posed.  In  such  sense,  it  will  be  possible  to  calcul  Xmax  and 
Xmin  from  the  characterizations  of  all  the  fibers,  which  is 
a  normal  control  to  the  reception  of  the  cables. 

From  this  knowledge,  the  next  step  is  to  find  a  repetitive 
procedure  to  do  good  splices,  which  will  be  done  splicing 
those  fibers  whose  X  values  have  extremes  values. 
Through  appropiate  operations  with  different  relations  of 
arc  current  intensity  and  time  of  application,  will  be  possi¬ 
ble  to  find  the  minimum  values  of  m  and  Pc0.  With  a  few 
splices  more  between  different  fibers  with  intermediate  va¬ 
lues  of  X  will  allow  a  better  adjustment  of  m  and  Pc0. 


In  order  to  use  the  expression  (7)  as  an  indicative  to  do  spli¬ 
ces  in  the  field,  it  is  important  to  take  into  account  that  the. 
fusion  machine,  tools  (manipulation  to  prepare  ends  fibers), 
etc.  used  in  the  laboratory  must  be  the  same  than  in  the 
field,  in  order  to  secure  the  repetibility  of  each  operation 
This  recommendation  can  be  also  extended  on  the  technique 
used  to  measure  the  loss,  because  these  kinds  of  splices  (near 
to  the  launch  end),  can  be  checked  with  relative  facility 
On  the  contrary,  if  it  is  not  possible  to  check  the  losses  of  the 
sphcs.the  only  rule  to  secure  a  good  splice  in  the  field  is  to 
operate  under  those  conditions  of  repetibility.  In  this  sense, 
the  expression  proposed  can  be  useful. 

In  such  sense,  m  gives  us  and  indicative  of  the  evolution  of 
the  losses  P  respect  to  X  ;  if  P  values  are  far  from  they 
expected  it  can  suggest  improper  operation.  Respect  to  Pco, 
it  has  not  real  significance  as  a  loss,  but  it  can  be  considered 
as  a  maximum  value  of  loss  to  be  accepted  in  the  field. 

Finally,  and  as  a  consequence  of  the  measures,  we  have  seen 
that  splices,  with  values  of  Xco  ,  XAN  and  X  closely  to 
1 ,  from  differents  optical  fibers  have  important  losses  in 
front  of  splices  that  have  been  done  between  one  fiber  and 
itself.  Table  2  complemented  by  Table  3  shows  this 
comment.  Assuming  that  the  repetibility  of  each  operation 
of  splice  was  the  main  condition  of  this  work,  the  only  ex¬ 
planation  we  found  is  based  in  the  mismatching  of  refraction 
index  profiles. 
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O.C.  ♦  l:  (350  M  )  m 


SPLICE  +  STRIPPER 


FIG.  1b 


FIGURE  1 

SPLICES  AND  MEASUREMENTS,  la:  different  O.F.;  1  b.  The  same  O.F. 


P(V) 


O.F. 

I 

2 

3 

B 

fl 

AV 

S.D. 

»co 

(^m) 

54.1 

56.4 

54.9 

- 

57.2 

S7.6 

58. 6 

56.5 

1.7 

A..N. 

0.23 

0.17 

0.21 

0.2 

0.23 

0.21 

NON  CIRCULARITY  OF  CORES  <  3.8% 

TABLE  1:  CORE  DIAMETERS  AND  NUMERICAL 
APERTURES 


FIGURE  2  BACKSCATTER  SIGNAL  FROM  OTDR 
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3 
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3 
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0 
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3 
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0 
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0.05 
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0.07 
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4 

1 
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0.2 

0 

4 

T 
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4 
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0.2 

— 

4 
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0.16 

0.2 

0.16 

0.17 

Mm 

4 

6 

0.16 

0.13 

0.06 

0.23 

0.09 

0.1 

0.13 

Mm 

5 

1 

0.16 

0.13 

0.2 

0.16 

0.13 

0.16 

0.16 

KB 

5 

2 

0.23 

0.26 

0.2 

0.23 

0.23 

0.23 

0.23 

KB 

5 

3 

0.2 

0.16 

0.16 

0.23 

0.2 

0.2 

0.19 

KB 

5 

4 

0.13 

0.06 

0.1 

0.16 

0.16 

0.13 

0.12 

KB 

5 

6 

0.09 

0.1 

0.06 

0.2 

0.13 

0.13 

0.12 

#;*  ,1 

6 

1 

0.2 

0.2 

0.16 

0.16 

0.2 

0.26 

0.2 

M$m 

6 

2 

0.23 

0.23 

0.23 

0.23 

0.26 

0.26 

0.24 

11811 

6 

3 

0.18 

0.2 

0.16 

0.2 

0.16 

0.26 

0.19 

kb 

6 

4 

0.2 

0.09 

0.1 

0.2 

0.09 

0.06 

0.12 

0.06 

6 

5 

0.21 

0.13 

0.16 

0.13 

0.23 

0.13 

0.15 

0.05 

1 

1 

0.06 

0.03 

0 

0.03 

0.03 

0.03 

0.03 

0.03 

0.06 

0 

0.03 

0 

0.03 

0.06 

0.03 

0,03 

3 

3 

0.09 

0 

0.03 

0.03 

0.06 

0.03 

0.04 

0.05 

4 

4 

0.09 

0.03 

0.03 

0.06 

0.03 

0.06 

0.05 

0.03 

5 

5 

0.09 

0.03 

0.06 

0 

0.09 

0.06 

0.06 

0.03 

6 

6 

0.06 

0 

0 

0.03 

0.03 

0 

0.02 

0  03 

TABIE  2  :  TOTAL  OF  LOSSES  MEASURED 
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SPLICE 

1  A 

*co 

XAN 

X 

P 

<dB) 

6  2 

0.96 

0.76 

■SB 

0.24 

4  : 

0.99 

0.77 

— 

0.26 

i  : 

1.04 

0.74 

ms 

0.23 

5  2 

0.98 

0.85 

ms 

0.23 

3  2 

1.03 

0.81 

0.70 

0.22 

6  5 

0.98 

0.87 

0.73 

0.17 

6  3 

0.94 

0.91 

0.73 

0.19 

4  3 

0.96 

0.95 

0.83 

0.2 

1  3 

1.01 

0.91 

0.84 

0.22 

4  5 

1.01 

0.91 

0.84 

0.17 

6  1 

0.92 

1 

0.95 

0.2 

1  5 

1.06 

0.87 

0.85 

0.19 

6  4 

0.98 

0.96 

0.88 

0.12 

4  1 

0.95 

1.05 

1.00 

0.2 

5  3 

0.95 

1.05 

1.00 

0.19 

1  1 

1 

1 

1 

0.03 

1  A 

1 

I 

1 

0.03 

3  3 

1 

1 

1 

0.04 

4  4 

1 

1 

1 

0.05 

5  5 

1 

1 

1 

0.06 

6  6 

1 

1 

1 

0.03 

3  5 

1.05 

0.95 

1.00 

0.09 

1  4 

1.05 

0.95 

1.00 

0.19 

4  6 

1.02 

1.05 

1.15 

0.13 

5  1 

0.94 

1.15 

1.17 

0.16 

1  6 

1.08 

1 

1.17 

0.16 

5  4 

0.99 

1.1 

1.19 

0.12 

3  1 

0.99 

1.1 

1.19 

0.14 

3  4 

1.04 

1.05 

1.19 

0.07 

3  6 

1.07 

1.1 

1.36 

0.07 

5  6 

1.02 

1.15 

1.38 

0.12 

2  3 

0.97 

1.24 

1.45 

0.15 

2  5 

1.02 

1.18 

1.45 

0.06 

2  1 

0.96 

1.35 

1.68 

0.03 

2  4 

1.01 

1.29 

0.04 

2  6 

1.04 

1.35 

1.97 

0.03 

TABLE  3  :  EXPERIMENTAL  VALUES  OF  PidB)  AND 
X  FROM  EACH  SPLICE 


X 

N 

m 

Pt.(J(dB) 

r 

ALL 

36 

0.155 

0.296 

0.67 

DIFERENTS 

30 

0.164 

0.325 

0.87 

*  1 

26 

0.163 

0.323 

0.90 

<  0.95 
>  1.05 

26 

0.163 

0.323 

0.90 

<  0.9 
>  1  1 

26 

0.163 

0.323 

0.90 

<  0.85 
>  1.15 

25 

0. 1 63 

0.329 

0.91 

<  0.8 

>  1.2 
<  0.75 
>  1.25 

14 

14 

-  0.163 

0.163 

0.3  24 

0.324 

0.93 

0.93 

*S  0.7 
»  1.3 

12 

0.170 

0.337 

0.94 

<  0.65 
>  1.35 

10 

0.167 

0.331 

0.93 

<  0.6 

>  1.4 

8 

0.166 

0.332 

0.94 

CALCULUS 

FOR 

m 

-0. 165 

0.327 

Pco 

r>  0.9 

0  m 

0.003 

0.005 

°Pco 

TABLE  4  :  CALCULATED  VALUES  OF  REGRESSION 
LINEAR  PARAMETERS  FROM  EXPERIMENTAL 
VALUES  P  AND  X 
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0.21 
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0.09 
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0.03 

4 
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5 

i 

1.17 
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0.03 
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5 
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0,13 
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1 
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0.14 

0.13 

0.01 

3 
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0.07 

0.13 

0.06 

3 

6 

1.36 

0.07 

0.10 

0.03 

5 

6 

1.38 

0.12 

0.10 

0.02 

“V 
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1.45 

0.15 

0.09 

0.06 

■> 
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1.45 

0  06 

0.09 

0.03 

-> 

i 

1.48 

0.03 

0.08 

0.05 

•» 

4 

1.70 

0.04 

0.05 
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•> 
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0.03 
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TABLE  5  :  COMPARISSON  BETWEEN  CALCULATED 
AND  EXPERIMENTAL  VALUES 
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ABSTRACT 


The  seiec  til'd  1'5  fill’  nut  tail  distrib utlon  to 
aci;».’iv  satisfactory  vit-onj  cvoiifatfc  (TEXT)  u; 
symvc f ucai’  teiecom  cuoics  is  a  prcbiem  which 
faegucntiy  has  to  bo  jao od  a-iici;  dealing  u’< .f>: 

machinery  l’5  already  cnst.i ng  production  Hues. 
In  Clio  pa (.v t  a  sotaftou  fa  fli<5  problem, 
obtained  by  means.  05  a  lomt - oxiptAt cat  jowmtla 
relating  the  decoupling  between  critical  pan 
combi  tu ition  to  the  EEVT  is  described.  This 
sciuti.cn  has  been  computerised  tc  5t.wtpt.t5t1  cubic 
design  tt-it  and  details  05  the  computer  program 
ate  given. 

In  order  tc  verify  the  validity  of  this  approach 
a  compavt ion  has  been  carried  cut  between 
I •.  redictions  obtained  from  the  theory  and  fEXT 
mcajutiwnfs  modi’  on  more  than  'J  3  0  km  05 
speciallu  manufac  fated  concentric  aid  unit  cabic. 
The  resuits,  05  shewn  in  the  paper,  demonstrate 
a  dose  correlation  between  theory  and 
measurement  and  thus  provide  a  satisfactory 
confirmation  of  the  proposed  design  procedure. 

X 


experi au’o  and  trial  and  error  techniques.  Apart 
from  ho  i  jut  i nei  f ic lent  this  ;m\voss  does  not  allow 
any  sort  of  opt  unis.it  i or. . 

The  objective  of  tho  work  reported  here  was  there¬ 
fore  that  of  developing  a  design  procedure  which 
would  RtniTace  automatically ,  given  the  series  of 

lay  lengths  available,  a  reasonable  number  of 
possible  lay  distributions  and  so  permit  a  certain 
decree  of  optimisation  of  crosstalk  performance  b\ 
enabling  selection  of  the  best  lay  distribution 
from  among  those  generated. 

In  the  following  sections  of  the  paper  a 
detailed  description  is  given  of  the  procedure 
do vo  1  oped ,  t oge t he r  with  a  c empa r  i  s or',  o f  the 
theoretical  predictions  of  the  method  with  the 
results  of  FKXT  measurements  carried  out  on  a 
series  of  specially  manufactured  concentric  cables 
or  unit  construct  ions  in  order  to  provide  an 
experimental  val idation. 

2.0  OKS  ION  OONcEPTS 


1.0  INTRODUCTION 

The  problem  of  selecting  a  lay  distribution  in 
a  symmetrical  pair  telecom  cable  in  order  to  meet 
far- end  crosstalk  (FEXT)  requirements  is  one  which 
pres  .»ts  itself  to  the  design  engineers  wherever  a 
new  cable  construction,  differing  from  familiar 
types  either  \.\  total  number  of  pairs  or  in  groiping 
arrangement,  is  requested. 


1. I  Theoretical  Basis 

In  order  to  be  able  to  assign  lay  lengths  \o 
specified  pairs  within  a  unit  or  concentric  cable 
in  such  a  way  as  to  satisfy  FKXT  requirements  for 
critical  combinations  (which  according  to  REA  and 
T  ELK BRAS  specifications  are  adjacent  pairs, 
alternate  and  all  pail’s  belonging  to  the  centre 
and  first  concentric  layer)  it  is  necessary  to  have 
some  way  of  est i ma t i ng  the  pa  1 r- to- pa i r  FEXT  l e vo l . 
For  this  pu r pos e  t  he  foil ow i ng  s  em i - omp i r i c a  1 
expression  lias  been  used  vis. 


Although  a  number  of  studies  on  symmetrical 
pair  cable  crosstalk  have  already  been  reported, 
they  have  been  aimed  either  at  understanding  the 
fundamentals  of  the  phenomenon  or  at  designing  lay 
distributions  that  while  very  satisfactory  for  FEXT 
are  not  always  available  with  existing  machinery. 
As  a  consequence  it  has  apparently  been  common 
practice  to  rely  on  a  combination  of  past 


Pc  ecu pi ing 
Factor 


A  ■*  Ml  og 


m 


where  A,  H  are  constant  determined  empirically  in 
prior  work  and  and  are  the  lay  lengths  of  the 
pairs  considered. 
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Once  a  given  lay  distribution  lias  boon 
sol oo tod  it  may  bo  assessed  in  terms  of  a  parameter 
whloh  will  bo  called  the  decoupling  index.  The 
decoupling  index  is  the  RMS  value  of  the  decoupling 
factors  calculated  using  (l)  above  for  all  the 
critical  coupling  combinations  in  the  unit  or  cable 
cons i derod. 

The  decoupl ing  index  has  the  property  of  being 
able  to  predict  at  the  design  stage  the  cable’s  FEXT 
performance  in  terms  of  the  selected  lay 
distributions  as  will  be  seen  in  item  4*0. 

The  comparison  between  the  decoupling  indices 
of  different  lay  distributions  permits  a  certain 
optimisation  of  the  FEXT  performance  for  the  series 
of  lay  lengths  available. 

2.2  computer  Program 

In  order  to  facilitate  the  application  of  Che 
foregoing  concepts  to  the  design  problem  In  hand, 
a  computer  program  has  been  prepared.  The  input 
data  necessary  for  its  operation  are  the  numerical 
values  of  the  lay  lengths  available  and  the  dis¬ 
tribution  of  the  pairs  in  the  unit  or  concentric 
cable  to  be  studied. 


Starting  with  this  information  the  computer 
program  sucessively  assigns  lays  from  the  series 
to  each  of  the  pairs,  identifies  the  critical 
combinations  and  calculates  their  corresponding 
decoupling  factors.  The  decoupling  factors  are 
then  compared  with  limit  values,  set  by  the 
particular  specif ications  employed,  and  accepted 
or  rejected  according  to  the  positive  or  negative 
outcome  of  this  comparison.  In  the  case  of  a 
particular  lay  being  rejected  the  program  will  go 
on  to  consider  the  next  lay  in  the  series  .  The 
program  continues  until  a  successful  arrangement 
of  lay  is  found,  returning  in  the  process  to  the 
beginning  of  the  series  if  necessary.  On  finding 
a  successful  lay  distribution  the  computer 
program  calculates  and  stores  the  RMS  value  of  the 
decoupling  factors  involved.  *.  e.  the  decoupling 
index.  Tf  a  successful  lay  distribution  is  not 
found  after  having  scanned  through  the  entire 
series  without  having  selected  single  lay  length 
the  program  terminates  the  search  with  this 
particular  permutation. 

The  whole  of  the  above  procedure  is  repeated 
for  a  number  of  permutations  of  the  lay  series  and 
the  optimum  lay  distribution  is  identified  as  the 
one  with  the  best  decoupling  index. 

The  flowchart  used  in  the  preparation  of  the 
program  was  as  follows: 


Fig .  1  -  Computer  Program  Flowchart 
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3.0  EXPERIMENTAL  VERIFICATION 
1  Goner  «il 

In  order  to  verity  the  new  design  procedure 
dese  1* i bed  in  1 1  em  2.0  it  was  dee  i dod  t o  c ompa re 
t  he  p red  1 0 1  i  ons  made  in  s pee  1 !'  1  ed  e x.un pies  with 
KEXT  measurement  made  on  the  aetual  eables.  To 
this  end  a  iO  (2  -  H)  pajr  concentric  eabJe  and 
2  5  (3  +  ^  la)  pair  unit  cable  were  selected  tor 

invest  ig.it  i  on.  Other  construe  t  ional  details  were 
<is  tollows  :  HOPE  insulated  0,40  mm  copper 
0 endue tors  protected  with  an  Al/PK  moisture 
barrier  tape  and  PE  sheath. 

The  production  line  chosen  to  manufacture  the 
10  pair  cable  had  a  series  of  25  lays  available 
while  the  25  pair  unit  line  had  3-  lays. 

KKXT  measurements  were  al 1  carried  out  at 
150  kH2  or  each  cable  length  and  the  relevant  RMS 
values  calculated  according  to  TKLF.HRAS 

and  KKA  s  pe c  i  *'  i  0  a t  i  ons . 


Further*  experimental  detail  together  with  the 
results  01  the  investigations  on  the  two  .ah le 
structures  are  given  separately  below  m  items  n.2 
(10  pair-  eable)  and  3*3  <25  pair  units). 


5.2  1 0  Pa  1 r  Gone on t r i c  Gab  1 e  Gons t rue t i on 


In  this  case  the  computer  program  generated 
110  possible  lay  distributions  with  decoupling 
indices  ranging  from  l>.  1  50  to  '-432.  From  these 
110  possible  solutions,  o  lay  Jis tri but  ions  were 
chosen  so  that  the  range  of  decoupling  indues  was 
adequately  .evened.  For  each  of  the  »*  lay 
distributions  15  cable  lengths  ot  1  km  were 
manufactured  and  on  each  length  KEXT  measurements 
wore  carried  out  as  described  in  3-1-  Tin*  results 
are  summarised  in  Table  )  and  portrayed 

graphically  in  Fig.  2  where  a  linear  relationship 
between  KEXT  and  Decoupling  Index  is  clearly 


demonstrated  ( corre lat i on  coefficient  ot  0. 


•  I. 
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Table  1  -  FEXT  of  10  pair  expo,  imental  cable  lengths  at  ISO  kHz  whore, 

RMS,  min  -  is  the  minimum  RMS  value  calculated  for  each  lay  distribution 

RMS  -  is  -he  average  of  the  RMS  values  for  each  lay  distribution 

RMS,  max  -  is  the  maximum  RMS  value  calculated  for  each  lay  distribution 
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Kig.  2  -  10  Pair  Cables:  KEXT  at  150  kHz  versus 
Decoupling  Index 
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J.  J  2  3  Pair  l  nit  cable  construct  ion 

The  computer  program  generated  in  this  ease 
only  l-  possible  lay  distribut  ions  having  a 
decoupling  index  range  from  s.02s  to  From 
these  12  lay  distributions  3  were  chose  so  as  to 
cover  the  entire  range  and  for  each  of  these  lay 
distributions  30  km  of  unit  lengths  were 
manufac tured  and  subjected  to  FEXT  measurements  as 
prev i ous ly  desc  r ibed . 


The  test  results  are  reported  in  Table 
also  portrayed  graphical  ly  in  Up,  3-  Also 
case  a  well  defined  1 iceai  relat ionship(corre 
coefficient  O.M*)  was  obtained  between  the 
measurements  and  the  corresponding  deco 
1 1  id  ices. 
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4.0  CONCLUSION 


5.0  REFERENCES 


The  principal  aspects  of  the  work  presented 
in  this  paper  may  be  summarised  as  follows: 


(1)  A  new  design  technique  has  been  developed  to 
enable  certain  optimisation  of  the  FEXT 
performance  in  synroetrical  pair  tel  com  cables  to 
be  achieved  for  a  given  series  of  available 
twinning  lays. 


(2)  This  technique  has  embodyment  in  a  computer 
program  which  automatically  generates  a  number  of 
lay  uistrib 1 t i ons  satisfying  specified  levels  by 
a  process  which  involves  the  selection  of 
appropriate  lays  for  each  pair  in  the  particular 
construction  under  study.  This  selection  is  made 
by  comparing  pre-set  limit  values  for  the 
"decoupling  factor"  of  critical  pair  combinations 
with  estimates  obtained  from  the  following 
formula: 


Decoupling 

Factor 


=  A  +  B  log 


1.  "A  STUDY  INTO  PAIRED  CABLE  CROSSTALK" 

R.J.  Oakley  and  R.  Jaar 
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2.  "TRANSMISSION  T ELEPHON I OLE" 

R. Croze,  L. Simon  and  J . P. Cairo 
4th  edition 

3.  "AN  APPROACH  TO  CROSSTALK  COUPLING  REDUCTION 

OF  PAIR  TYPE  CABLE" 

Yotuya,  Minematsu,  Itah 
23rd  IWCS  -  1074 

4.  "RELATING  THE  TWIST  DETECTION  MEASUREMENTS  OF 

TWISTED  PAIRS  TO  THEIR  CROSSTALK  PERFORMANCE 
H.W. Friesen 
24th  IWCS  -  197  3 

J.  "GEOMETRICALLY  DECOUPLED  BALANCED  PAIRS" 

1).  P.  Woodard 
27th  IWCS  -  197' 

0.  "TEOR! A  DELLA  TRASMISSI ONE  TELEFONICA" 

D.Gagl  iardi 
2nd  edition 


where  A,  B  are  constants  empirically  determined  ln 
prior  work  and  P^  and  Pn  are  the  pair  lays  under 
consideration.  Each  possible  solution  is  then 
classified  in  terms  of  the  decoupling  index 
enabling  the  best  lay  distribution  from  amongst 
those  generated  to  be  identified. 


(3)  A  completely  satisfactoi-y  validation  of  the 
technique  has  been  achieved  by  comparing 
predictions  made  for  various  concentric  cable  and 
unit  constructions  with  experimental  results  of 
FEX1  -.eas  'rements  carried  out  on  specially 
manufactured  experimental  cables. 


(4)  As  a  consequence  of  item  3  above  it  may  also 
be  concluded  that  the  validity  of  the  computational 
procedure  is  independent  of  the  formation  of  the 
cable  or  unit. 
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CROSSTALK,  INSERTION  LOSS,  SWEEP  FREQENCY  ANALYSIS  AND  FIXTURING  FOR  TELEPHONE  CABLES 


JOSEPH  S.  GOLT,  JR. 


WESTERN  ELECTRIC  CO.  ,  INC. 
BALTIMORE,  MARYLAND 


Crosstalk  in  a  multipair  telephone  cable  is 
defined  as  the  amount  of  electrical  signal  from 
an  energized  pair  that  is  induced  or  coupled  to 
am  unenergized  pair.  In  this  test,  each  pair 
is  selected  and  energized  and  then  all  other 
pairs  are,  one  by  one,  selected  and  any  signal 
present  is  recorded.  Any  crosstalk  set  must 
also  measure  insertion  loss  as  this  value  must 
be  subtracted  from  the  crosstalk  loss  measure¬ 
ment.  Analyzing  Sweep  measurements  can  be  very 
informative.  For  example,  any  deviation  from 
the  normal  swept  frequency  response  can  help 
determine  if  the  cable  strander  is  operating 
properly..  In  addition,  a  low  profile  fixture 
has  been  C&veloped  which  allows  for  shorter 
cable  stub  lengths.  This  paper  will  discuss 
all  of  these  measurements  plus  the  physical 
layout  of  the  fixture. 


Anyone  who  has  used  a  telephone  and  heard  a 
second  conversation  in  the  background  has  ex¬ 
perienced  the  effect  of  crosstalk.  Anytime  two 
or  more  electrical  signals  get  physically  close 
to  one  another  there  may  be  unwanted  coupling. 
Inside  a  telephone  cable  there  could  be  hundreds 
of  signals  all  within  several  inches  of  one 
another.  Cable  manufacturers  attempt  to  con¬ 
struct  their  products  so  as  to  cancel  any  cross¬ 
talk.  Pairs  are  twisted,  bunched  in  groups, 
groups  are  twisted  and  perhaps  oscillated. 

These  techniques  work  quite  well,  however,  the 
need  to  know  how  well  inspires  the  desire  to 
test.  Most  cables  are  tested  for  capacitance. 
Since  capacitance  and  crosstalk  are  closely 
related  one  could  gage  the  crosstalk  performance 
by  observing  capacitance  data.  This  is  done  now 
in  many  applications.  Nothing,  however,  can 
substitute  for  a  direct  measurement.  The  trend 
has  been  set  to  make  more  direct  crosstalk 
measurements . 


In  crosstalk  measurements  there  are  two  signals 
of  interest.  The  send  signal  which  eminates 
from  an  oscillator  and  is  applied  on  the  device 
under  test.  The  receive  signal  comes  from  the 
device  under  test  and  is  sent  to  a  detector  of 
seme  kind.  Crosstalk  can  be  measured  in  one  of 
two  ways:  near  end  crosstalk  (NEXT)  and  far  end 
crosstalk  (FEXT) .  In  NEXT  the  send  and  receive 
signals  are  on  different  pairs  at  the  same  end  of 
the  cable.  In  FEXT  the  send  and  receive  signals 
are  on  different  pairs  at  opposite  ends  of  the 
cable.  Crosstalk  can  be  defined  as  the  voltage 
ratio  of  the  send  signal  to  the  receive  signal 
expressed  in  decibels. 

In  FEXT  there  are  two  factors  which  affect  the 
measured  value  of  crosstalk.  The  insertion  loss 
of  each  pair  tends  to  attenuate  crosstalk.  There¬ 
fore,  the  insertion  loss  must  be  measured  so  it 
can  be  subtracted  from  the  measured  value.  This 
is  done  by  connecting  the  send  ana  receive  signals 
to  opposite  ends  of  the  same  pair.  Another 
factor  is  length.  The  crosstalk  signal  on  the 
receive  end  will  increase  logarithmically  as  the 
cable  length  is  increased.  We  must  therefore 
know  the  length  and  include  it  in  our  calculation. 
The  exact  structure  of  the  equation  can  vary  from 
one  cable  type  to  another  but  for  locap  cable  used 
in  T-2  carrier  systems  the  equation  is : 

FEXT  «  Measured  value  -  Insertion  Loss  +  10  LOG 
Length 

Certain  cable  types  require  a  sweep  frequency  test. 
Since  physically  connecting  both  ends  of  the  cable 
can  be  time  consuming,  sweep  frequency  can  be 
performed  subsequent  to  the  crosstalk  measurement. 
Whereas  crosstalk  is  measured  at  a  single  discrete 
frequency,  sweep  measurements  are,  as  the  name 
implies  done  to  examine  how  individual  pairs 
respond  to  all  frequencies  between  an  upper  and 
lower  limit.  The  electrical  connection  is 
identical  to  the  insertion  loss  hook-up. 


We  have  developed  a  system  that  will  automati¬ 
cally  test  telephone  cables  for  crosstalk.  It 
can  also  make  sweep  frequency  measurements  and 
analyze  the  results.  The  connecting  fixture  also 
contains  the  necessary  switching  and  is  compact 
enough  to  get  close  to  the  reel  hub.  I  will 
attempt  to  define  the  requirements  for  such  a 
system  and  explain  how  we  satisfied  those 
requirements. 


Now  that  we  have  defined  the  measurements  we  can 
examine  the  requirements  of  a  test  system.  There 
will  be  much  control,  calculation  and  printouts 
required,  therefore,  a  rather  high  level  processor 
of  some  kind  is  required.  A  device  that  can  make 
RF  loss  measurements  both  at  discrete  and  swept 
frequency  is  also  needed.  It  must  also  be  extern¬ 
ally  programmable,  and  relatively  fast.  There 
must  be  a  switching  system  capable  of  making  all 
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the  necessary  connections.  It  should  be  designed 
so  as  to  maintain  a  constant  characteristic 
impedance  and  provide  high  isolation  between 
channels.  It  needs  to  be  externally  programmable 
by  the  processor.  Finally,  a  fixture  to  physic¬ 
ally  connect  to  the  cable  is  called  for.  It  would 
be  highly  desirable  to  include  the  switching 
system  and  the  fixture  into  one  compact  entity. 
Since  cable  manufacturers  desire  to  make  the 
stub  ends  as  short  as  possible,  the  fixture 
should  be  manuverable  enough  to  get  close  to  the 
hub  of  the  cable .  A  block  diagram  appears  in 
Fig.  1. 


We  selected  a  commercially  available  network 
analyzer.  It  satisfied  all  our  measurement  re¬ 
quirements  and  included  a  computer.  The  computer 
used  a  high  level  basic  type  language  ,  had  plenty 
of  memory  and  a  magnetic  tape  drive  built  in. 

A  combination  printer/plotter  was  selected  in 
order  to  plot  sweep  frequency  results.  The 
computer  controls  the  network  analyzer  via  an 
IEEE-488  interface  bus.  A  sixteen  bit  general 
purpose  Input/output  interface  was  used  to 
control  the  in-house  designed  switching  system. 

A  real  time  clock  option  also  proved  to  be  a 
valuable  asset. 

The  Switching  System 

The  switching  system  must  meet  the  following 
requirements : 

1.  Be  able  to  make  the  proper  electrical  hook-up 
for  FEXT,  NEXT,  and  insertion  loss. 

2.  Maintain  the  proper  level  of  characteristic 
impedance  given  the  limits  of  frequency 
response  (up  to  13  Mhz),  and  provide  high 
isolation  between  channels. 

3.  Lend  Itself  to  compact  packaging. 

The  "Relay  Tree"  and  "RF  Buss"  are  two  techniques 
worth  consideration.  The  schematic  in  fig.  2 


depicts  an  eight  pair  in  the  "Relay  tree*  format. 
Each  relay  contact  in  this  diagram  represents  the 
two  wires  in  a  twisted  pair.  For  the  sake  of 
space  we  do  not  show  another  relay  for  each  pair. 
This  relay  merely  switches  the  pair  into  the 
switching  network  or  rests  on  a  terminating 
resistor.  There  will  be  an  identical  network  for 
the  other  end  of  the  cable.  As  an  example, 
suppose  we  wished  to  set  up  for  FEXT  on  pairs  C 
and  H.  First,  the  relays  (not  shown)  that  dis¬ 
connect  the  terminating  resistor  would  be  ener¬ 
gized  for  both  C  and  H  on  both  ends  of  the  cable. 
Next,  relay  2  on  the  send  end  of  the  cable  and 
relays  8,  10,  and  14  on  the  receive  end  of  the 
cable  are  energized.  The  crosstalk  measurement 
can  now  be  performed. 


The  "Relay  Tree"  technique  satisfies  requirement 
#1  in  that  all  types  of  measurements  can  be  set  up. 
Requirement  #2  is  also  met  as  there  are  no  inherent 
problems  in  maintaining  characteristic  impedance 
or  keeping  isolation  high.  Requirement  #3  is  the 
downfall  of  "Relay  Tree"  switching.  Typically  an 
entire  cabinet  separate  from  the  fixture  may  be 
needed  to  accommodate  this  method.  This  is  not 
because  of  the  number  of  components  but  rather  the 
fashion  in  which  they  are  laid  out. 

At  first  glance  the  circuit  in  fig.  3  looks  like  a 
simple  way  to  achieve  a  bus  type  switching  network. 
Each  pair  would  have  three  relays.  Cue  would 
remove  the  pair  from  its  terminating  resistor,  the 
other  two  would  place  the  pair  on  either  the  send 
or  receive  bus.  There  is,  however,  stray  capac¬ 
itance  across  the  relay  contacts.  The  capacitance 
will  couple  the  send  signal  onto  the  receive  bus. 
This ,  of  course ,  would  erroneously  add  to  any 
crosstalk  in  the  cable.  This  cirucit  only  shows 
one  pair.  As  more  pairs  are  added  the  capacitance 
adds  and  the  coupling  increases.  With  any  apprec¬ 
iable  number  of  pairs  the  isolation  between  the 
send  and  receive  busses  would  be  intolerably  low. 
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Mding  two  more  relays  (fig.  41 ,  whose  normally 
closed  contacts  are  grounded  eliminates  any 
coupling  from  the  send  to  receive  bus.  This 
circuit  has  another  advantage.  If  send  and 
receive  are  called  for  on  the  same  pair  in  the 
same  fixture  the  test  signal  would  short  the  send 
and  receive  busses.  This  can  be  useful  if  a 
self  test  algorithm  is  desired. 
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Since  space  was  at  a  premium  in  our  application 
we  used  the  circuit  in  fig.  5.  The  logic  requir¬ 
ed  to  select  any  given  pair  is  also  reduced. 
Notice  that  this  drawing  is  complete ,  showing  all 
relays  and  each  side  of  the  pair.  This  circuit 
satisfies  requirement  #1  in  that  all  measurement 
configurations  can  be  achieved.  And  as  we  will 
see  later,  this  circuit  lends  itself  to  a  tight 
compact  layout.  Isolation  is  also  good  as  long 
as  the  grounding  relays  are  used.  That  stray 
capacitance  across  the  relay  contacts  can  still 
be  a  problem,  though,  in  maintaining  character¬ 
istic  impedance. 


SEND  BUS 


6.5 £  flU?  FIG  5 


Each  stray  capacitor  connects  each  side  of  the 
pair  to  ground.  This,  in  effect,  loads  the  bus 
with  a  small  capacitive  impedance.  This  tends  to 
alter  the  characteristic  impedance  of  the  system. 
While  singularly  Insignificant ,  many  pairs  in 


parallel  can  create  a  large  mismatch.  This  would 
cause  unwanted  reflections  which  would  destroy  any 
hope  of  an  accurate  measurement.  We  can  circum¬ 
vent  this  problem  by  selecting  small  groups  of  bus 
circuits. 

It  turns  out  that  most  units  within  a  cable  have 
fourteen  pairs.  This  convenient  number  is  low 
enough  such  that  the  additive  effect  of  stray 
capacitance  is  not  a  serious  problem.  Ke  now  have 
a  switching  system  as  shown  in  fig.  6. 


FIG  6 


Our  system,  of  course,  uses  exactly  this  type  of 
switching.  Very  small  relays  were  mounted  on  a 
printed  circuit  board.  Each  board  was  designed  to 
connect  fourteen  pairs  to  either  a  send  or  receive 
bus.  It  would  be  mounted  on  the  underside  of  the 
fixture.  The  clips  that  connect  to  the  cable 
protrude  through  holes  in  the  printed  circuit 
board.  The  bus  circuit  relays  are  mounted  as 
close  as  possible  to  the  connecting  clips.  The 
layout  for  each  pair  consumes  less  than  four 
square  inches.  The  entire  fourteen  pair  group  can 
be  nounted  on  an  eight  by  eight  inch  board.  Four 
of  these  boards  were  used  to  make  a  56  pair  fix¬ 
ture.  The  group  select  circuit  board  is  mounted 
in  a  vacant  portion  of  the  fixture.  It  also 
contains  the  transformer  that  changes  the  50  ohm 
coaxial  from  the  network  analyzer  to  the  balanced 
impedance  of  the  twisted  pairs. 

Since  the  boards  mounted  nearly  flat  against  the 
rear  of  the  fixture  a  low  profile  of  2.5  inches 
was  achieved.  The  whole  assembly  rotates  to 
expose  doors  at  the  rear.  Opening  the  doors  pro¬ 
vides  for  easy  maintenance  access.  The  entire 
package  mounts  on  a  purchased  roll  around  cart. 
This  allows  for  easy  manuverability  when 
attempting  to  connect  to  a  short  stub  end. 

Special  clips  are  used  to  connect  to  the  cable. 
They  will  pierce  the  insulation  during  insertion. 
Thus,  no  pre-skinning  of  the  cable  is  required. 

Other  Factors 


Our  measurement  accuracy  is  in  the  +_  .05  db  range. 
Therefore,  the  loss  across  relay  contacts  must  be 
considered.  Dry  switching  fends  to  degrade  con¬ 
tact  resistance  or  even  worse  the  contact 
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resistance  may  change  from  one  relay  closure  to 
another.  This  problem  is  solved  by  superimpos¬ 
ing  a  DC  current,  at  least  200  ma,  in  the  RF 
measuring  circuit.  This  can  easily  be  done 
through  a  center  tap  on  the  matching  transformer. 
In  our  equipment,  every  time  a  cable  is  tested 
a  "Clean  Relay”  subroutine  is  called.  It 
merely  closes  and  opens  the  cleansing  DC  current 
through  the  relays  and  cable.  This  procedure 
helps  maintain  a  stable  and  low  contact  resist¬ 
ance  in  our  fixture. 

The  insertion  loss  of  a  pair  is  highly  depend¬ 
ent  on  the  resistance  of  the  copper  conductors. 
The  resistivity  of  copper  is  temperature 
dependent.  This  implies  that  we  must  have  a 
known  constant  temperature  before  testing  a 
cable.  We  accomplish  this  by  allowing  the  cable 
to  stabilize  in  an  air-conditioned  test  room  for 
at  least  24  hours.  The  cable  temperature  and 
ambient  temperature  are  then  assumed  to  be 
identical.  The  insertion  loss  is  corrected  for 
temperature  by  the  equation : 


1-e‘  c»Speed  of  Light 

~X  =  c/f  f  =  c/2d  d=Distance  between  defect 

Units  within  sane  of  our  cables  are  oscillated  by 
the  cable  strander.  When  the  unit  is  oscillated 
each  pair  comes  close  to  the  cable  sheath  every 
oscillation  period.  This  slightly  disrupts  the 
characteristic  impedance.  Therefore,  we  observe 
a  large  spike  in  the  frequency  response  at  the 
half  wavelength  frequency.  Our  computer  will  set 
the  start  frequency  of  the  sweep.  The  loss  is 
measured  and  frequency  increased  until  the  stop 
frequency  is  reached.  Now,  via  software,  the 
computer  will  analyze  the  data  looking  for  spikes. 
When  a  spike  is  located  the  computer  will  record 
its  frequency  and  magnitude  relative  to  what  the 
normal  response  would  be.  By  observing  these 
results  we  can  determine  if  the  oscillation 
period  is  properly  set  on  the  stranding  machine. 

RELAY  USAGE 

When  testing  FEXT  one  is  tempted  to  prescribe  a 
switching  algorithm  as  shown  in  fig.  7. 


where  T  equals  ambient  temperature  and  K  equals 
the  temperature  coefficient  of  the  cable  under 
test. 

We  can  obtain  ambient  temperature  by  forming  an 
elementary  network  with  a  resistor  that  is 
temperature  dependent.  A  thermistor  connected 
in  series  with  a  normal  resistor  forms  a 
voltage  divider.  We  calibrate  the  voltage 
divider  by  observing  its  response  at  several 
known  ambient  temperatures.  We  now  use  our 
network  analyzer  to  measure  the  response  of  the 
Voltage  divider  and  interpolate  the  results  to 
obtain  ambient  temperature . 

Since  we  have  a  real  time  clock  we  can  also 
monitor  the  integrity  of  the  air-conditioned 
room.  Every  half  hour  the  ambient  temperature 
is  taken .  A  running  average  of  the  previous 
24  hours  is  updated.  If  there  is  a  significant 
deviation  from  the  mean  the  computer  will  not 
permit  testing.  A  plot  of  the  past  24  hours  is 
available  at  the  touch  of  a  key.  This  procedure 
has  helped  us  increase  our  confidence  in  the 
integrity  of  our  measurement  results. 

SWEEP  MEASUREMENT 


Sweep  measurement  is  really  insertion  loss 
response  over  a  selected  band  of  frequencies. 

The  normal  response  to  a  sweep  would  be  a  nearly 
linear  falloff.  Deviations  fran  this  normal 
response  can  reveal  sane  defects  within  the 
cable.  For  example,  any  discontinuity  fran  the 
characteristic  impedance  would  cause  a  reflec¬ 
tion  from  that  point.  If  there  are  equally 
spaced  discontinuities  the  reflections  would  be 
additive  at  certain  frequencies.  This  frequency 
would  correspond  to  a  half  wavelength  of  the 
periodic  discontinuity 
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SWITCHING  SEQUENCE 
FOR  A  5  PAIR  CABLE 
FIG  7 


The  send  relays  in  fixture  #1,  pair  #1,  are 
energized.  Then  the  receive  relays  in  fixture  #2 
pairs  1  thru  5  are  each  energized  long  enough  to 
allow  the  loss  measurement  to  be  made.  Notice  that 
only  one  half  the  matrix  need  be  filled,  i.e.  we 
assume  FEXT  on  2-4  to  be  equal  to  FEXT  on  4-2. 

This  scheme  obviously  works,  however,  there  is  a 
disparity  in  relay  usage.  For  every  cable  tested 
the  send  relays  in  fixture  1  pair  1  are  energized 
one  time,  while  the  receive  relays  In  fixture  2 
pair  5  are  energized  4  times.  Furthermore,  the 
send  relays  in  fixture  2  and  the  receive  relays 
in  fixture  1  are  not  used  at  all.  Our  fixture 
has  56  pairs.  If  we  used  it  only  10  times  each 
day,  in  one  year  the  receive  relays  for  pair  56 
would  have  been  used  143,000  times.  The  send 
relays  would  log  in  only  2,600  actuations. 
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Software  can  correct  this  problem  by  rotating  the 
switching  algorithm  every  time  a  cable  is  tested. 
There  are  8  different  modes  to  choose  from  as 


tabulated 

In  fig. 

8. 
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Now,  after  8  cables  are  tested  all  relays  have 
been  used  approximately  56  times.  In  one  year, 
at  10  cables  per  day  all  relays  would  be  energized 
about  18,000  times.  This  technique  has  the 
potential  to  increase  the  usable  lifetime  of  the 
switching  fixtures  by  a  factor  of  eight. 

VSWR  ON  SHORT  LENGTH 

Each  cable  pair  is  designed  to  have  a  nominal 
characteristic  impedance.  Various  factors 
including  different  twist  lengths  cause  slight 
deviations  from  the  nominal.  Our  system  can  only 
be  set  to  one  value  of  characteristic  impedance. 
Therefore,  when  measuring  insertion  loss  we  will 
encounter  slight  mismatches  as  we  switch  from 
pair  to  pair.  This  will  set  up  small  Voltage 
Standing  Wave  Ratios  (VSWR)  whenever  the  test 
signal  is  present.  If  the  cable  is  long  the 
insertion  loss  is  large  enough  to  ignore  the 
VSWR.  Cn  very  short  lengths,  however,  this  effect 
can  be  significant.  Proper  software  can  help 
solve  this  problem. 

Let’s  say  our  test  frequency  is  3  Mhz  and  the 
cable  length  is  700  feet.  Using  the  formula 
^•»=C/F  we  determine  the  wavelength  to  be  328  feet. 
This  means  that  there  are  7004*328  or  2.13  wave¬ 
lengths  an  the  cable.  VSWR  cycles  every  half 
wavelength,  so  we  add  and  subtract  a  quarter  wave¬ 
length.  We  can  then  calculate  what  frequency 
corresponds  to  2.13+.25  and  2.1 3-. 2 5  wavelengths. 
In  this  case  we  have  3.35  Mhz  and  2,65  Mhz.  If 
we  set  the  network  analyzer  to  sweep  between  these 
points  we  will  observe  the  VSWR  ripple  on  the 
normal  falloff  pattern.  Now  with  similar  tech¬ 
niques  used  in  determining  sweep  frequency  spikes, 
we  can  interpolate  what  the  response  would  be 
without  any  VSWR.  This  value  will  more  accurately 
represent  the  actual  attentuation  per  mile  of  the 
cable . 
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ABSTRACT 

The  evaluation  of  a  telephone  cable  capability 
for  digital  transmission  has  been  traditional ly  ba¬ 
sed  on  analogical  measurements  of  cable  crosstalk. 

In  this  manner,  from  a  single  frecuency  measurement 
value,  it  is  intended  a  prediction  of  the  cable  be¬ 
haviour  in  all  the  transmission  band. 

In  recent  years  it  has  been  observed  a  tenden¬ 
cy  in  some  telephone  administrations  toward  cable 
crosstalk  characterization  in  a  direct  way,  by  means 
of  digital  measurements  using  real  signals.  In  this 
study  the  analog  and  digital  measurements  methods 
are  compared,  from  the  points  of  view  of  accuracy 
of  results  and  simplicity  of  operation.  As  a  result 
of  an  extensive  number  of  measurements  performed  in 
accordance  with  both  methods,  correction  factors 
have  been  determined  which  should  be  added  to  the 
single  frecuency  measurements  results  in  order  to 
compensate  for  the  uncertainty  introduced  due  to 
the  incomplete  knowledge  of  the  curve  of  variation 
of  crosstalk  with  frecuency.  _ 

A 

Finally  some  considerations  about  the  applica¬ 
bility  of  digital  method  of  measurements  in  the  qua 
lity  assurance  area  are  discussed. 


1  INTRODUCTION 


When  planning  the  introduction  of  a  certain 
number  of  digital  transmission  systems  in  a  multi¬ 
pair  telephone  cable,  it  is  necessary  a  complete 
knowledge  of  the  factors  that  place  a  limit  to  both 
the  number  of  systems  as  well  as  the  maximum  dis¬ 
tance  between  repeaters. 

Besides  the  intrinsic  NEXT  and  FEXT  losses  of 
cable,  other  sources  of  errors  associated  with  the 
installation  of  the  cable  as  reported  by  field  mea¬ 
surements  (')  should  be  taken  into  consideration 
such  as  crosstalk  inside  the  repeater  case  and  stub 
cable,  repeater  degradation,  thermal  noise,  etc. 

The  relative  importance  of  each  of  these  limiting 
sources  or  the  fact  that  one  of  them  becomes  dominant 
lays  on  factors  such  as  the  utilization  of  one  or 
two  cables  for  each  transmission  direction,  internal 
shield  cable  design,  etc. 

From  a  quality  assurance  point  of  view,  the 
intrinsic  crosstalk  of  cable  is  the  only  factor 
that  can  be  controlled  i"  the  factory.  Its  measure¬ 
ment  by  different  existing  methods  constitute 


the  object  of  this  paper.  Fiq.  1  show  the  traditio¬ 
nal  schematic  diagram  of  analogical  measurements  of 
NEXT  and  FEXT  crosstalk. 


r<g.  !.-  SINGLE  FKECUFNCV  CROSSTALK  MEASUREMENT. 


All  the  studies  dealing  with  the  analytical  com 
putation  of  the  magnitude  of  crosstalk  noise  for  di¬ 
gital  signal  based  on  the  crosstalk  values  obtained 
in  single  frecuency  measurements  must  always  be  based 
on  a  known  frecuency  correction  formula  more  or  less 
valid  about  the  variation  of  crosstalk  with  frecuen¬ 
cy.  This  hypothesis  says  that  far  end  and  near  end 
crosstalk  decrease  with  frecuency  at  a  rate  of  6dB/ 
octave  and  4 ' 5  dB/octave  respectively. 

It  is  a  well  known  fact  that  the  real  variation 
of  crosstalk  outside  the  very  low  frecuencies  re¬ 
gion  is  highly  irregular.  This  phenomenon  is  espe¬ 
cially  emphasized  in  NEXT  measurements  due  to  the 
random  length  of  the  coupling  ways  originated  by  the 
unbalances  distributed  along  the  cable.  This  irregu¬ 
lar  variation  is  stronqly  exhibited  in  individual 
couplings  but  is  more  attenuated  in  the  case  of  ave¬ 
rage,  RMS  or  Power  Sum  values  which  include  a  great 
number  of  combinations.  It  becomes  evident  that  by 
means  of  a  single  measurement  at  certain  frecuency 
of  reference  (generally  at  half  the  bit  frecuency) 
and  assuminq  a  theoretical  variation  of  6  dB/octave 
in  FEXT  and  4 1 5  dB/octave  for  NEXT  the  noise  voltage 
analytically  computed  from  this  measurement  is  only 
an  estimation  of  the  real  noise  voltage  when  using  as 
a  disturbing  signal  a  complex  signal  as  is  the  case 
in  actual  pulse  transmission.  Fig.  2  depicts  the 
afore  said  as  an  example. 

Curve  (1)  of  Fig.  2  represents  a  real  variation 
of  crosstalk  with  frecuency  for  a  pair  to  pair  com¬ 
bination.  While  feeding  the  disturbing  pair  with  an 
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TABLE  I.-  CALCULATE!?  AMP  MEASURED  MEAM  POWER 
CROSSTALK  MOISE  VALUES. 


Fig.  2.-  EXAMPLE  OF  VARIATION  OF  CROSSTALK  WITH 
FRECUENCY. 


actual  PCM  signal  it  was  detected  at  the  disturbed 
pair  a  mean  noise  power  of  -28  dBw.  However  from  a 
single  frecuency  measurement  and  assuming  a  linear 
decrease  of  crosstalk  with  frecuency  (on  a  log  sca¬ 
le)  represented  by  curve  (2)  a  mean  noise  power  of 
-38 ' 6  dBw  was  computed  following  the  steps  explai¬ 
ned  in  Appendix  I. 

Correlation  improvement  between  both  procee-- 
dings  implies  necessarily  the  extension  of  the  num¬ 
ber  of  selective  measures  to  more  than  one  point. 
This  of  course  complicates  enormously  the  test  because 
of  the  multiplication  of  the  time  spent  on  perfor¬ 
ming  it,  which  is  especially  characterized  by  the 
large  amount  of  time  required  to  cover  all  of  the 
possible  combinations  between  the  pairs. 

The  additional  number  of  selective  measurements 
required  to  improve  correlation  depends  on  the  dis¬ 
persion  of  the  statistical  distribution  of  the  mean 
value  of  crosstalk  at  each  frecuency.  Crater  and 
Cravis  (2)  established  a  variance  of  5.56  dB  in 
NEXT,  but  we  have  verified  deviations  up  to. 20  dB 
in  some  combinations. 

As  a  final  evidence  the  following  test  was  ca¬ 
rried  out:  A  disturbed  pair  was  selected  from 
a  25  pair  PIC  cable  and  measured  all  possible  noise 
contributions  attributed  by  the  other  pairs.  Cross¬ 
talk  power  transfer  curves  were  defined  by  measuring 
40  equally  spaced  points  to  obtain  the  integral  in 
Appendix  I  in  order  to  compute  the  expected  value 
of  power,  which  is  then  compared  with  the  directly 
measured  value  using  a  RMS  detector.  Table  1  shows 
these  results. 

Comparison  of  column  (Z)  with  either  column 
(3)  or  (4)  shows  two  things:  a)  Single  frecuency 
values  tend  to  be  on  the  average  somewhat  optimis- 
tics.  b)  They  suffer  from  uncertainty  due  to  a 
rather  low  correlation  coefficient  (p  =  0.9  in  the 
example).  Comparison  of  column  (3)  with  (4)  shows 
that  a  drastical  increase  in  the  number  of  selecti¬ 
ve  measurements  (40  points  in  the  example)  are 
needed  to  obtain  a  more  reliable  value. 
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-  71*6 

-  59 '5  1  -  6'',4  ! 

6/10 

-  49'9 

-  5?  ‘3  1  -  51 ‘4  1 

C/ll 

-  b?'* 

-4 !  -  4  - ’ 4  ! 

6/ 12 

-  65' 1 

-  5S-:  !  -  '  1 

6/13 

*  39  / 

-  43 1  1  '  -  4;,r 

6/14 

-  43 1 2 

-  42'2  -  .•.".3  ! 

6/15 

«  42'  G 

-  40 '4  1  -  tn  ! 

6/16 

*  4?'l 

-  ’2 '5  i  -  3: ' 7  ! 

6/17 

-  22’ 7 

-  V  5  1  -  2  i 

6/13 

-  34 '7 

6/19 

-  41  ’6 

-  44 '4  i  -  A  4 ' 2  ! 

6/20 

-  43 '6 

.  *  4' 4  !  -  OT  i 

6/21 

-  1"'? 

-  ?9'7  '•  -  V '  1  ! 

6/22 

-  45-7 

-  45'2  i  -  j 

6/23 

-  54 '7 

-  52*3  i  -  51 '6  i 

6/24 

-  51  ‘5 

-  5 .3*2  1  -  52‘?  | 

6/25 

-  52 '0 

-  m'2  1  -  4V&  i 

Curve  (3)  shows  a  12  contributor  power  sum  cros¬ 
stalk  variation.  It  is  noted  that  the  deviations  with 
respect  to  a  hypothetical  mean  value  are  much  less 
pronounced,  so  that  a  sinqle  frecuency  measurements 
have  a  higher  significance  as  an  estimate  of  the  mean 
value  of  crosstalk  at  all  band  frecuencies. 

Deviations  as  large  as  indicated  are  common  on 
a  pair  to  pair  basis.  The  RMS  method  of  crosstalk 
measurement,  using  a  disturbing  signal  similar  to 
that  in  a  real  system  reveal  itself  much  more  accu¬ 
rate  although  it  has  other  disadvantages  that  will 
be  pointed  out  later. 


2  CABLE  TYPES  EXAMINED  AND  EXTENSION  OF  MEASUREMENTS 


Studies  and  measurements  have  been  carried  out 
on  two  different  types  of  cables:  pairs  and  quads 
because  any  empiric  difference  in  its  crosstalk 
transfer  functions  might  be  expected.  The  following 
type  of  cables  were  selected: 

2.1  25  and  50  pair  cable,  PE  insulated, 

4  0.9  mm,  52  nF/Km,  unit  type  and  con¬ 
centric  layers  construction  respectively. 
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2.2  28  quads  filled  cable,  PE  insulated, 

4>  0.9  mm  ,  38  nF/Km  ,  and  layer  type 
construction. 

In  the  paired  cables  a  total  of  2338  NEXT  and 
FEXT  measurements  were  made,  both  at  a  reference 
frecuency  ( f o )  and  making  use  of  digital  signals. 

In  the  quadded  cable  the  number  of  pair  to  pair  mea 
sures  was  1104  in  NEXT  and  FEXT.  These  measurements 
were  made  with  a  semiautomatic  procedure  in  which 
the  disturbed  pair  is  manually  selected  and  termi¬ 
nated  with  a  balanced  precision  impedance.  The 
others  noise  contributing  pairs  are  automatically 
switched  in  25  element  blocks.  During  the  execution 
of  measurements  the  pairs  not  involved  in  the  test 
(terciary  circuits)  remained  open  at  the  near  end, 
which  proved  to  have  no  influence  at  all  in  the  mea 
surement  frecuency  band. 

Digital  crosstalk  measurements  were  performed 
for  the  30  channel  TNI  transmission  system  of  2.048 
Mbit.  The  reference  frecuency  f  was  1.024  MHz  co¬ 
rresponding  to  half  the  bit  frecuency. 


3  MEASUREMENT  TECHNIQUE 


3.1  Digital  measurement  of  crosstalk 


In  figure  3  are  shown  two  different  configura¬ 
tions.  Fio.  3.1  measures  far  end  crosstalk  in  accor¬ 
dance  with  the  characteristics  of  a  real  transmission 
channel.  The  point  for  noise  detection  may  be  the 
unbalanced  one  inside  the  equalizer  (M)  or  6  dB  lar¬ 
ger  in  the  balanced  regeneration  section.  In  fig.  3.2 
near  end  crosstalk  noise  voltage  are  measured  on  a 
syrmetric  load.  In  the  latter  case  the  amplification 
and  shaping  effect  of  the  repeater  does  not  exist, 
being  required  a  greater  sensitibity  of  detection. 

The  operating  procedure  described  must  yield  in 
the  cable  the  same  effects  that  in  a  real  case.  In 
particular  the  following  conditions  must  be  satisfi¬ 
ed: 

-  The  noise  power  measured  on  a  pair  should  be 
the  same  as  that  which  would  result  in  a  real  case. 
Actually  the  noise  power  induced  in  a  pair  is  the  - 
resulting  noise  power  when  all  the  disturbing  pairs 
work  simultaneously. 

The  noise  power  measured  in  our  case  is  the 
sum  of  noise  powers  induced  by  each  disturbing  pair 
individually.  Due  to  the  high  harmonic  content  of  the 
pseudorandom  disturbing  signal  and  their  uncorrela¬ 
tion  the  principle  of  power  addition  works  and  can 
be  assured  that  the  measured  power  is  that  of  the  - 
real  case.  Furthermore  this  point  was  experimentally 
veri fied. 


The  principal  characteristic  of  this  method  is 
the  ability  of  exciting  simultaneosly  a  certain  num 
ber  of  systems,  then  measuring  either  RMS  noise  voT 
tage  or  error  rate  as  indicated  in  fig.  3.1  and  3.2. 
Moreover  fig.  8  shows  the  case  of  error  rate  measu¬ 
rement  under  the  simultaneous  effect  of  near  end  - 
and  far  end  crosstalk. 

The  procedure  of  simultaneous  disturbance  cuts 
down  the  testing  time  but  does  not  reveal  the  indi¬ 
vidual  properties  of  each  combination  which  is  of  - 
great  interest  in  the  present  work.  The  method  fol¬ 
lowed  will  be  then  similar  to  that  in  the  analogi¬ 
cal  technique  selecting  pair  combinations  in  a  sequ 
ential  mode.  Measuring  diagrams  are  shown  in  fig.  3. 


-  Due  to  the  uncorrelation  of  the  pulse  sources 
feeding  the  pairs,  the  induced  noise  on  any  pair,  - 
has  a  instantaneous  value  following  a  normal  distri¬ 
bution. 

As  will  be  noted  later  in  paragraph  5  a  sta¬ 
tistical  test  was  made  to  demostrate  the  normal  cha¬ 
racter  of  the  induced  noise.  This  is  a  relevant  fea¬ 
ture  in  order  to  calculate  the  error  rate. 


Z0  DISTURBING  P*l R 


FZg.  }.-  TWO  POSSIBLE  COHFIGURAThm  FOR  VmTIi  xIeA^kMWVS 
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3.2  Components  of  digital  crosstalk  measure- 
ments  assembly _ 

3.2.1  Pseudorandom  generator 

The  disturbing  signal  source  generates  a  nume¬ 
rical  sequence  of  32767  elements  with  equal  proba¬ 
bility  and  HDB3  coded.  The  nominal  pulse  amplitude 
is  t  3V.  with  an  analitycal  power  spectrum  density 
w(f1  indicated  in  Appendix  I.  As  is  well  known  its 
graphical  representation  have  a  maximum  at  the 
Nyquist  frecuency  (half  the  bit  frecuency).  The  - 
energy  contained  at  higher  frecuencies  is  low  but 
offers  an  important  contribution  to  the  noise  at 
the  preamplifier  input  due  to  the  high  value  of  the 
coupling  funtion  at  high  frecuencies.  However  the 
preamplifier-equalizer  acts  as  a  low  pass  filter  li 
mi  ting  the  measuring  band  to  aproximately  3MHz. 

3.2.2  Preampl if ier-equal izer 

In  fig.  3.2  is  shown  the  terminal  impedance  as 
the  measuring  point  of  noise  voltage.  This  is  the 
usual  procedure  in  the  sinusoidal  technique.  In  this 
case  the  filtering  effect  due  to  the  regenerator 
does  not  exist.  It  could  be  argued  that  because  of 
the  low  energy  content  at  frecuencies  higher  than 
the  bit  frecuency  there  will  be  a  linear  correspon¬ 
dence  between  noise  measurements  performed  using 
the  regenerator  and  those  without  it,  with  the  only 
difference  that  of  the  higher  level  of  the  former 
due  to  the  amplification  provided.  Under  those  con¬ 
ditions  using  the  regenerator  might  be  avoided  and 
correction  of  measured  noise  to  actual  noise  would 
be  made  linearly  to  the  preamplifier  gain  depending 
on  the  level  of  useful  signal  present. 

Experimentally  it  has  been  verified  that  des¬ 
pite  of  tl.e  low  content  of  energy  of  the  pseudoram- 
don  signal  at  frecuencies  higher  than  the  bit  fre¬ 
cuency  there  is  a  stronq  noise  content  from  that 
region  due  to  the  large  value  of  the  coupling  func¬ 
tion  in  a  frecuency  band  in  which  the  variation  is 
highly  irregular.  This  causes  a  correlation  loss  - 
between  noise  measurements  per*  -’ed  with  regenerator 
and  without  it  (typical  e  =  0. 

The  method  presented  is  then  considered  inad¬ 
equate  because  it  creates  an  additional  uncertainty. 
Another  problem  arises  in  FEXT  measurement  because 
noise  which  is  not  amplified  is  difficult  to  measure 
over  long  lengths  of  cable. 

The  most  realistic  form  of  crosstalk  measure¬ 
ment  consist  of  using,  prior  pulse  detection  opera¬ 
tion  a  filter  reinforcinq  the  noise  spectrum  around 
the  reference  frecuency  f  .  For  a  better  aproxiroa- 
tion  to  the  real  conditions  of  operation  a  normal 
regenerator  for  TNI  system  was  employed.  The  first 
section  is  the  preamplifier-equalizer  which  compen¬ 
sates  line  attenuation  up  to  a  maximum  length  (reoe- 
neration  1 imit) . 

To  avoid  handling  theoretical  analytical  ex¬ 
pressions  more  o  less  accurate  about  channel  shap¬ 
ing  and  form  of  the  equalized  pulse  a  complete  cha¬ 
racterization  of  preamplifier  response  was  obtained 
resulting  in  the  curves  of  fig.  4. 


a*i«  6 1  <  i  ta 


Fig.  4.-  PREAMPLIFICATOR  RESPONSE  FOR  VARIOUS 
SIGNAL  LEl'EL  INPUTS. 

Fio.  4  shows  oain  curves  for  different  input 
levels.  It  is  observed  that  for  a  level  lower  than 
the  reoeneration  limit  the  sum  of  level  and  gain  is 
constant  (9dB)  which  means  that  the  line  loss  is  - 
automatically  compensated.  From  this  graph  we  can  - 
also  see  that  in  the  absense  of  useful  signal  and  - 
provided  that  the  noise  level  does  always  exceed  the 
range  of  regeneration,  the  response  curve  of  interest 
will  be  the  maximum  gain  curve. 

By  means  of  interval  correlation  an  analytical 
expression  G(f)  has  been  found  for  the  maximun  gain 
response  curve  That  will  be  used  for  the  computation 
of  the  effective  noise  voltage  derived  from  crosstalk 
sinusoidal  measurements. 

It  should  be  noted  that  except  for  when  the  meas 
urement  lenqth  equals  the  maximum  repeater  length  the 
amplification  level  of  crosstalk  noise  will  be  higher 
than  in  the  case  of  signal  presence. 


This  allows  easy  measurements  on  short  lenghts 
of  cable  without  affecting  the  correlation  being  in¬ 
vestigated.  If  we  are  primarily  interested  on  the 
level  of  actual  interference,  correction  can  be  done 
easily  substracting  from  the  measured  level  in  dBw 
the  difference  between  the  maximum  and  measuring  - 
lengths  both  in  dB. 

3.2.3  Digital  Signal  Processor  (DSP? 

The  usual  instrument  to  read  the  magnitude  of 
crosstalk  noise  is  a  true  RMS  value  voltmeter  of  - 
enough  wideband  dsensitibity.To  fulfill  these  con¬ 
ditions  as  well  as  others  of  experimental  character 
a  digital  signal  processor  (DSP)  was  utilized  for  - 
noise  detection.  The  instrument  offers  the  following 
advantages : 

a)  High  sensitibity  that  allows  noise  level 
detection  up  to  -90dBw. 

b)  Accuracy  of  reading  can  be  fixed  selecting 
the  number  of  sampling  points. 
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c)  The  signal  processing  capability  based 
on  microproccesor  can  be  used  to  inves¬ 
tigate  the  statistical  properties  of  - 
crosstalk  noise. 

The  operating  mode  of  DSP  lies  on  present  sig¬ 
nal  sampling  taking  N  points  inside  the  period  of 
the  signal.  These  discrete  values  allows  a  direct 
computation  of  the  power  or  RMS  value  of  the  sampled 
signal  using  the  following  formula: 

i  n  1  N-2  2  .  N-2  2 

Power  =  i  u2(t)  dt  =  jjf-  2  o.T=  ±-  S  u.  (1) 

.0  i=o  i=o 

where : 

N:  n°  of  samples. 

u.:  Instantaneous  voltage  sample  -i-  order 

T:  Time  interval  between  samples 

The  time  interval  between  samples  should  be  - 
enough  to  insure  the  independence  of  samples.  This 
condition  can  be  stated  denoting  that  T  must  be  lar¬ 
ger  than  the  reciprocal  of  the  wideband  of  the  meas¬ 
ured  signal.  For  the  present  application  T  =  6i.sec. 

To  obtain  a  measured  value  using  (1)  with  the 
required  tolerance  N  sho: Id  be  chosen  large  enouah. 
In  accordance  to  reference  (  3)  N  has  been  chosen 
4096  points  yielding  a  precision  of  +  0.5  dB. 

4.  RESULTS  OBTAINED:  CORRELATION  BETWEEN  ANALOGICAL 

And  DIGITAL  measurement? 


'dp  to  now  two  possible  methods  of  crosstalk  mea¬ 
suring  have  been  explained  that  have  the  same  pur¬ 
pose:  capability  evaluation  of  a  telephone  cable  for 
the  PCM  transmission. 

This  capability  is  given  by  the  crosstalk  noise 
power  induced  over  any  pair  by  the  rest  of  the  pairs 
which  carry  PCM  signals.  In  the  traditional  analogi¬ 
cal  technique  from  the  power  sum  measurement  on  each 
pair  on  analytical  procedure  (appendix  I)  is  follo¬ 
wed  by  which  is  deduced  a  computed  expected  value 
of  noise  power  interfering  the  useful  signal  trans¬ 
mitted  over  the  pair.  That  noise  has  an  instantane¬ 
ous  voltage  normally  distributed  and  its  RMS  value 
determines  a  probability  or  error  rate  for  the 
transmitted  pulses. 

We  have  also  commented  that  alternatively  to 
the  indirect  procedure  represented  by  the  analogi¬ 
cal  method  we  can  perform  a  direct  measurement  of 
the  mean  power  noise  in  a  given  pair.  This  is  a  re¬ 
alistic  procedure  consisting  in  feeding  the  inter¬ 
fering  pairs  simultaneously  with  pseudorandom  se¬ 
quences,  and  measuring  the  RMS  value  of  the  noise 
signal  on  the  pair  being  evaluated.  Instead  of  si¬ 
multaneous  excitation  the  disturbing  pairs  may  be 
operated  sequentally  measuring  the  RMS  value  caused 
by  each  contributor  separately.  The  summation  on  a 
power  basis  of  the  individual  RMS  values  must  be 
equal  to  the  value  obtained  by  simultaneous  excit¬ 


ation.  ihe  last  method  has  been  adopted  in  the  pre- 
se-  t  work  because  allows  a  pair  to  pair  characteri¬ 
zation.  Nevertheless  a  quality  assurance  point  of 
view  it  is  a  time  consuming  procedure. 

When  cable  crosstalk  measurements  are  completed 
by  the  two  methods,  calculated  noise  powers  on  each 
pair  should  be  equal  to  the  measured  ones.  A  carte¬ 
sian  coordinates  representation  of  measured  values 
(it)  versus  computed  (x)shou'd  be  a  straight  line  of 
slope  unity. 

Practical  results  show  that  computed  values  of 
noise  powfir  tend  to  be  on  the  average  some  dBw  lar¬ 
ger  tuan  measured  ones  (absolute  value),  that  is, 
they  are  somewhat  optimistic.  Thismakes  the  slope 
lower  than  unity.  The  reason  lies  on  the  fact  at 
the  selective  measurement  at  f  is  a  biased  estima¬ 
tor  of  the  average  value  of  °the  crosstalk  curve 
at  fQ.  Moreover  the  intrinsic  uncertainty  to  the  - 
analogical  measurements  transform  the  straiqht  line 
into  a  regression  line  with  a  correlation  coeffic¬ 
ient  less  than  unity. 

In  Appendix  I  we  prove  that  for  a  crosstalk 
value  at  frecuency  f  arid  length  L  ,  the  computed 
interfering  noise  °power  is  given  by: 

PF  -  F<VLo>dB  +  21  dBw  <2> 

PN  =  N(fo)dB  +  2!'4  dBw  (3) 

or 

PF  =  F<f0VdB  +  20'2  dBw 
PN  =  N<VdB  +  20’2  dEw  <5’ 

In  which: 

F(f  ,L  ):  ECL  PEX"  in  dB  for  a  pair  combination 
0  or  power  sum. 

N(f  ):  NEXT  in  dB  far  a  pair  combination  or 

power  sum. 

Relations  (2)  and  (3)  stand  for  pairs  and  (4) 
and  (5)  for  quads. 

The  calculated  values  with  (2)  to  (5)  can  be 
compared  with  those  obtained  bv  direct  measurement. 
Given  a  certain  RMS  reading  of  V  volts,  the  cross¬ 
talk  noise  power  is: 

P  =  101 oq  j-  dBw 
lR 

In  which  Zfi  represents  the  load  impedance  of 
regenerator  having  a  nominal  value  of  1202.. 


P  =  201og  V  -  20 ' 8  dBw 

The  RMS  noise  voltage  may  represent  a  single 
pair  to  pair  value  or  a  power  sum  from  various  in¬ 
ter  fere rs: 
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=  ,/v:  +  v;  +  ...  v* 

V  i  c  n 

The  working  procedure  to  achieve  the  correla¬ 
tion  equation^  were  made  for  each  combination  of 
crosstalk  type  (NEXT  or  FEXT)  and  cabling  element 
(pair  or  quad)  resulting  in  tables  2.1  to  2.4.  For 
instance,  in  NEXT  of  a  pair  cable  (table  2.1)  the  - 
total  number  of  individual  measurements  used  in  our 
comparative  study  were  introduced  to  a  special  com¬ 
puted  program  that  performed  the  following  operat¬ 
ions  : 

a)  Regression  line  fitting  over  all  available 
absolute  indivii'  :?'  data  ( n) .  Computation 
of  the  linear  coefficients  (A0,Ai),  coeffi¬ 
cient  of  dete-m’-ccion  (  c)  and  standard 
error  (Si).  In  tables  2.1  to  2.4  these  are 
included  on  file  N  =  1. 

b)  Power  sum  groupings  of  size  N.  That  is,  - 
for  each  disturbed  pai*-  all  possible  grou¬ 
ping  of  N  pairs  have  been  taken,  summing  up 

on  a  power  basis  their  computed  and  measured 
values  at  the  same  time. 

A  regression  line  is  also  fitted  and  determined 
the  new  coefficients. 

Then  the  linear  regression  that  correlate  the 
computed  absolute  values  (x)  with  the  effectively 
measured  (.;/)  is: 

tj  *  Aj  x  +  Aj  + 

in  which  E  is  a  random  variable  that  gives  the 
difference  between  the  real  ti  values  and  their  esti 
mates  by  the  regression  line  qiven  by: 

D  s  A i  x  *  Ao 
and 

i  -  y  -  9 

The  standard  error  of  E  is  then: 

sn  -  '6> 

This  parameter  is  a  direct  indicator  of  the 
uncertainty  that  analogical  measures  have  in  them 
selves.  For  the  most  unfavorable  case  the  calcula¬ 
ted  noise  power  Pp  or  Py  should  be  corrected  accor¬ 
ding  to  the  regression  Tine  equations  and  standard 
error: 


distribution  of  r. 

We  do  not  know  the  real  distribution  of  r  but 
assuming  normality  conduct  to  aceptable  results. 

Supposing  that  f,  follows  a  normal  distribution 
of  zero  mean  and  a  variance  of  =  S(  given  by  (6) 
then  the  variance  of  N  interferers  power  sum  can  - 
be  expressed  by  the  Wilkinson  approximation( '")  for 
non  truncated  normal  distributions: 

=  l/Xr1oq  il+exp(>.*cf  )-l/N)  (8) 

N  e 

l/’«  =  lOloqe. 


In  the  last  column  of  tables  2.1  to  2.4  are  in¬ 
dicated  the  values  of  the  standar  error  of  estima¬ 
tion  calculated  by  (8)  for  differente  N.  A  good 
aproximation  to  real  Sy  can  be  observed. 

The  law  of  variation  of  o»,  are  simply  seen  in 
the  first  approximation  of  (8)n 

°N  "  7F 

We  can  see  by  the  above  expression  that  as  N 
gets  larger  the  uncertainty  parameter  cN  improves. 

A  normality  criterion  can  be  then  used  to  assign 
a  value  for  K  in  relations  (7).  For  instance  K  =  2 1 33 
for  a  confidence  level  of  99“ . 

In  summary,  aiven  a  disturbed  pair  and  a  certain 
number  of  interferers  N,  which  represents  a  calcu¬ 
lated  noise  power  P  en  dBw,  then  with  a  997  confiden¬ 
ce  level  the  actual  interfering  noise  power  (absolute 
value)  shall  not  exceed: 


P*  =  A:P  +  A„  -  2’33  oN 

The  goodness  of  fitting  of  the  regression  lines 
of  tables  2.1  to  2.4  are  given  by  the  determination 
coefficient  (p).  In  all  cases  o  is  near  unity.  The 
best  correlation  has  been  obtained  in  the  case  of 
FEXT  and  pairs. 


PF*  AjPp  +  Ao  -  KS, 

V  =  a>pn  +  A°  -  ksn 


(7) 


The  constant  K  depends  on  the  level  of  confi¬ 
dence  required  as  well  as  the  type  of  statistical 
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TABLE  2.-  LINEAL  REGRESSION  EQUATIONS  Of 
CROSSTALK  NOISE  POWER 
if:  UEASUREV  VALUES  x:  CALCULATEV  VALUES 


TABLE  2.1 

LINEAR  REGRESSION  EOUATIONS 
FOR  NEXT  IN  PAIR  CABLE 
ty  -  Ai  x  *  Ao 


TABLE  Z.Z 

LINEAR  REGRESSION  EQUATIONS 
FOR  NEXT  IN  r>UAP  CABLE 
</  =  A,  x  *  Ao 


N°  OF 

INTERFERERS 

N 


1 

0.81 

10.60 

0.95 

1.95 

1.95 

3 

0.90 

5.25 

0.98 

1.11 

1.16 

5 

0.91 

4.39 

0.98 

0.95 

0.91 

7 

0.91 

4.49 

0.98 

0.92 

0.77 

9 

0.92 

3.78 

0.99 

0.75 

0.68 

n 

0.93 

I 

0.99 

HfiH 

0.62 

13 

0.92 

4.04 

0.99 

0.64 

0.57 

15 

0.92 

3.82 

0.99 

0.60 

0.53 

0.86 


0.90 


0.93 


0.92  0.85 


0.93  0.24  0.98  0.69 


0.95  -0.53  0.70 


0.92  0.47 
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SIGNAL  TO  no: SF  RATIO,  ERROR  RATE  A NO  MARGIN 


An  important  Mature  concerning  crosstalk  noi¬ 
se  is  their  disturbing  effect  on  the  PCM  transmis¬ 
sion  that  is,  the  relationship  between  effective 
noise  voltaqe  and  error  rate. 

The  analytical  procedure  for  computation  of 
the  error  probability  due  to  a  noise  power  value  is 
based  on  the  normality  of  the  statistical  distribu¬ 
tion  of  noise.  Another  supposition  is  the  power 
addi tier  of  the  various  contributors  of  crosstalk 
over  a  give'"  pair. 

With  the  aid  of  the  DSP  some  properties  of 
crosstalk  noise  can  be  investigated.  Fin.  5  shows 
picture  of  crosstalk  noise  due  to  a  single  inter*  - 
erer.  In  it  can  be  observed  a  strong  correlation  - 
between  time  instants  and  instantaneous  noise  volt¬ 
age  which  means  that  at  every  tire  instant  and  their 
successive  periods  a  different  noise  statistics  one 
rates  (normal  distributions  of  noise  with  different 
variances) . 

A  noise  o*  this  characteristic  disturbing  in 
the  instant  of  pulse  detection  in  a  uncorrelated 
way  gives  rise  to  an  error  rate  different  depending 
on  the  phase  of  the  sampling  instants. 


F<,.  ACTITIOV  Cr  7!«'  UXCCW.I  LATiT  NGI.x'E 
IVLTAchfS. 


these  pictures  are  shown  also  the  independent  volta¬ 
ge  samples  that  are  used  for  the  RMS  computation  of 
crosstalk  noise.  The  samples  also  help  to  check  the 
goodness  of  fittino  to  the  normal  distribution.  The 
cumulative  function  constructed  with  the  samples  o* 
noise  signal  proved  itsel*  to  be  entirely  in  accor¬ 
dance  with  the  ideal  normal  cumulative  function. 

The  noise  picture  o*  *ig.  6  is  the  nesultinn 
noise  addition  contributed  by  two  Pairs  excited  by 
independent  pseudorandom  sources.  the  cort’-itu- 
tions  are  NEXT  type  crosstalk  noise  tne  visual  no'se 
picture  would  be  similar  to  that  shown  in  fin.  6, 
althouoh  tne  disturbina  sources  were  not  independent , 
because  unbalances  are  randomly  distributed  alone 
the  cable.  However  in  the  case  of  the  addition  of  - 
various  FF XT  noise  contributions  from  a  sinole  dis¬ 
turbing  source  the  noise  picture  would  be  similar  - 
to  that  the  indicated  in  Tic.  5  because  the  diffe¬ 
rent  crosstalk  coutlinos  alono  the  cable  sums  up  in 
phase  at  the  terminal  loaa. 

In  accordance  with  fig.  A  the  peak  power  of  - 
transmitted  signal  at  the  decision  point  is: 


f (.< .  5.-  single  mrmk’iR  u'rsf  nenm 


In  Fig.  6  is  shown  the  result  of  the  addition 
of  a  noise  signal  of  similar  magnitude  due  to  ano¬ 
ther  interferer  excited  by  a  pseudorandom  sicmal 
source  independent  from  that  which  originated  Fig. 
5. 

In  the  last  picture  is  clearly  shown  that  the 
noise  statistic  is  more  independent  of  the  time 
instants  in  which  the  useful  signal  is  sampled  at 
two  decision  process  of  regeneration. 

It  is  reasonable  to  think  that  the  uncorre la- 
ted  addition  of  various  crosstalk  noise  signals  - 
give  as  result  a  normal  noise  distribution.  In 


S  =  lOloa  — E —  =  -11.2  dBw 

120 

Suppose  a  disturbed  pair  whose  total  noise  po¬ 
wer  level  (power  sum  of  P,,  and  iy  in  dBw!  is  fy. 

For  a  normally  cli st -  ed  noise  the  instantaneous 
newer  which  is  exceeoeu  with  a  10  probability  is 
(s): 

P .  -  PT  +  14.3  dBw 

The  margin  of  error  for  a  10"  error  rate  is 

then : 

M  -  S  -  P  -  A 


1 16 


International  Wire  8  Cable  Symposium  Proceedings  1982 


The  term  A  is  signal  to  noise  ratio  required 
for  the  amplifier  to  operate. 

This  formula  shows  that  M,  should  include  a 
correction  factor  in  the  case  that  Py  have  been  cal 
culated  by  means  of  single  frecuency  measurements. ' 
The  margin  of  error  is  then  decreased  accordingly 
to  the  magnitude  of  the  standard  error  of  estimat¬ 
ion  SN  (oN). 


6.  DIGITAL  MEASUREMENTS  APPLICATION  TO  QUALITY 
ASSURANCE 


6. 1  Introduction 

Up  to  this  point  we  have  mainly  discussed  con¬ 
ditions  and  measurements  to  apply  in  a  regeneration 
section.  Now  it  is  neccesary  to  adapt  this  type  of 
measurement  to  manufacturing  cable  lenghts. 

From  a  quality  assurance  point  of  view  two  as¬ 
pects  are  of  most  interest: 

-  Attainement  of  the  best  possible  accuracy  in 
the  measurements,  within  reasonable  economi¬ 
cal  limits.  In  the  case  of  crosstalk  the 
measurements  performed  should  be  representa¬ 
tive  of  the  cable  behaviour  when  carrying  - 
real  signal. 

From  this  point  of  view  it  has  been  proven 
the  higher  accuracy  of  measurements  using 
digital  signal.  However  employing  a  sinusoi¬ 
dal  signal  at  a  single  frecuency  the  measu¬ 
rements  are  more  or  less  correlated  depen¬ 
ding  on  the  number  of  interfering  pairs. 

-  Quick  performance  and  low  cost  of  measure¬ 
ment  equipment. 

The  method  of  error  rate  measuring  do  not  seem 
to  be  the  most  suitable  for  separated  cable  lengths 
for  two  reasons.  First  it  does  not  exist  a  simple 
relation  between  the  total  error  rate  required  in  a 
regeneration  section  and  the  maximum  error  rate  of 
a  separated  length,  consequently  obtaining  a  limit 
in  this  case  is  not  effective. 


Second  in  short  lennhts  the  error  rate  direct 
measurements  are  not  always  possible. 

Using  the  noise  voltaqe  measurement  method  a 
noise  limit  can  be  imposed  on  each  length  dependina 
upon  the  ratio  of  the  maximum  regeneration  length 
and  the  actual  elngth  of  cable  as  per  the  following 
formula : 

V  =  1/L  V.  HfC-1^20 
e  L 

in  which: 

V,  =  Max.  noise  voltage  in  the  measuring 
lenqth  -1-  in  mv. 

V.  *  Max.  noise  voltage  in  the  regeneration 
1  section  -L-  in  mv. 

1  =  Reel  length  in  Km. 

L  =  Regeneration  lenqth  in  Km. 

a  =  Cable  attenuation  in  dB/Km. 

Consequently  it  is  concluded  that  from  a  quali 
ty  assurance  point  of  view  it  is  more  convenient  to 
express  the  results  in  noise  voltage. 

6.2  Measurement  configurations 

Fig.  7  is  the  basic  measuring  arrangement.  It 
is  necessary  as  much  pseudorandom  generators  as  the 
number  of  interfering  pairs,  and  the  configuration 
is  valid  for  both  FEXT  and  NEXT  noise  measurement. 

These  configurations  have  the  advantage  of  a 
fast  execution  whatever  the  number  of  pairs  inclu¬ 
sive  without  the  aid  of  a  computer,  but  have  the 
disadvantage  of  the  high  number  of  pseudoramdom 
sources. 


PSEUDORANDOM 

GENERATOR 


PREAMPLIFIER 

EQUALIZER 


FEq.  7.-  CONFIGURATION  FOR  CROSSTALK  NOISE  VOLTAGE  MEASUREMENT. 
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Fig.  CONFIGURATION  FOR  ERROR  RATE  MEASUREMENTS . 


A  more  simple  and  economical  configuration  - 
uses  a  single  pseudorandom  source  and  as  many  am¬ 
plifiers  as  pairs  (Fig.  9).  However  as  has  been  in¬ 
dicated  before,  noise  contributions  from  the  pairs 
arrive  in  phase  to  the  terminal  impedance  of  distur 
bed  pair  in  the  far  end.  This  configuration  is  not' 
valid  for  FEXTcrosstalk  noise  measurements  but  can 
be  used  in  NEXT  measurements. 

The  last  conf iguration  makesuse  of  a  computer 
and  a  single  pseudorandom  source  (Fig.  10). 


The  principle  of  measurement  is  the  same  as 
the  power  sum  crosstalk  method  in  sinusoidal  measu¬ 
rements.  Total  noise  voltage  on  a  disturbed  pair 
results  from  the  addition  on  a  power  basis  of  the 
voltage  contributions  from  all  the  disturbing  pairs. 

The  procedure  of  fiq.  10  can  take  a  lonaer  ti¬ 
me  of  testing  due  to  the  large  number  of  combina¬ 
tions  but  has  the  advantage  of  being  easily  adapta¬ 
ble  to  any  automatic  crosstalk  measuring  equipment, 
replacing  thn  sophisticated  and  expensive  selective 
generator  and  detector  by  the  simple  and  cheap  pul¬ 
se  generator  and  RMS  voltmeter 


FOg.  9.-  SIMPLIFIED  CONFIGURATION  FOR  NEXT  MEASUREMENTS. 
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Fig.  10.-  COMF1 CURAT  1  OH  FOR  AUTOMATIC  CROSSTALK  NOISE  VOLTAGE  MEASUREMENTS. 


CONCLUSIONS 


a)  Single  frecuency  crosstalk  measurements  on  a 
pair  to  pair  basis  have  an  appreciable  error 
interval  which  may  be  up  to  16d8  in  NEXT-  In 
FEXT  this  interval  decreases  as  well  as  for  - 
pairs  when  compared  to  quads. 

When  a  certain  number  of  pairs  are  simultane¬ 
ously  disturbing,  the  power  sum  has  an  uncer¬ 
tainty  that  decreases  as  the  number  of  pairs 
increases. 

b)  From  a  comparison  with  digital  measurements 
using  pseudorandom  signal,  it  can  be  observed 
that  the  computed  noise  power  obtained  from 
single  frecuencies  measurements  tend  to  have, 
on  the  average,  a  higher  absolute  value  (in 
d8w).  The  computed  valued  should  be  linearly 
corrected  by  means  of  empirically  determined 
regression  equations  for  each  crosstalk  type 
and  cabling  element. 

c)  The  digital  method  of  crosstalk  measurement 
yields  accurate  results  and  requires  simple 
instruments.  However  it  has  a  lower  sensiti¬ 
vity  whereas  the  selective  instruments  common¬ 
ly  used  in  analog  crosstalk  measurements  allows 
level  measurements  up  to  20dB  lower. 

d)  In  normal  manufacturing  shipping  lengths  noise 
voltages  measurements  are  more  convenient  than 
direct  error  rate  readings  because  with  the 
first  method  a  simple  formula  may  be  used  for 
noise  limits  corrections  depending  on  the  mea¬ 
suring  length. 

e)  The  digital  crosstalk  method  with  RMS  reading 
is  easily  adaptable  to  a  plant  quality  control. 
It  can  be  adapted  to  an  automatic  measuring 
equipment  using  simultaneous  or  sequential  ex¬ 
citation.  The  automatic  procedure  of  sequential 
excitation  has  been  used  in  this  work  to  collect 
this  data.  At  the  present  we  have  under  deve¬ 
lopment  a  new  automatic  system  with  simultaneous 


excitation  which  allows  a  considerable  measuring 
time  reduction. 


APPENDIX  1 


ANALYTICAL  COMPUTATION  OF  THE  MEAN  CROSSTALK  POWER 
NOISE  _ _ 


Graphically  the  basic  crosstalk  interference 
situation  is  shown  in  Fig.  3  for  a  single  noise  con¬ 
tributor. 

In  the  case  of  FEXT,  the  pseudorandom  signal  of 
power  spectral  density  w(f)  is  transmitted  over  the 
disturbing  pair  havina  an  attenuation  characteristic 
L(f )  .„  couples  to  the  disturbing  pair  through  a  FEXT 
transfer  network  F(f)  and  is  amplificated  and  equa 
lized  in  the  first  section  of  the  regenerator  which' 
has  a  response  function  G(f)dg. 

The  FEXT  noise  power  over  the  disturbing  pair 
due  to  a  single  contributor  is  given  by: 

,'B  L(f)dB  F(f>dB  G(f)dB 

PF  =  \  w(f ) 10  10  -H’  10  ,u  df  (9) 

'o 

The  analytical  expressions  for  the  various  func¬ 
tions  are: 

Attenuation  characteristic  of  line 

l/2 

L(f)dB  =  -ao(f/fo) 

ao:  attenuation  at  frecuency  fo  and  lenath 
Lo  in  dB. 
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Equal  level  FEXT  transfer  function  F(f)dB 


Inteqral  I  can  be  numerically  calculated  for 
B  =  3MHz  resulting: 


This  function  has  not  an  exact  analytical  ex¬ 
pression.  To  obtain  an  accurate  noise  power  from 
(9)  F(f)dB  should  be  defined  by  enough  number  of 
points  as°was  seen  in  table  1. 

In  the  sinusoidal  crosstalk  measurement  a  sam¬ 
ple  is  taken  at  frecuency  fo  and  lenqth  Lo,  obtai¬ 
ning  a  value  F(fo,Lo)  A  linear  variation  with 
frecuency  of  6dB/octavl' is  then  assumed: 


Pc  =  F(fo,Lo)  +  71.0  dBw  for  pn'rs. 
h  dB 

Pc  =  F(fo,Lo)  +  20.2  dBw  for  quads. 
h  dB 

The  same  steps  can  be  followed  in  the  case  of 
NEXT.  Here  the  dependency  with  lenqth  is  not  const 
dered. 


F(f)dB  =  F(fo,Lo)dB  +  201og( f/fo) 

In  the  case  of  N  contributors  F(fo,Lo)d„  stands 
for  the  power  sum: 

F.  F2  Fw 

rr  ttt  N 

F(fo,!.o)dB  =  101  og { 10  +10  +  . . .  lO1^  ) 

Preamplifier-equalizer  response 


P-.  =  N ( f o )  +  21.4  dBw  in  pairs. 

N  dB 

P..  -  N(fo)  +  20.2  dBw  in  quads. 

N  dB 
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From  fig.  4  has  been  obtained  an  analytical 
expression  for  G ( f )  ._  by  means  of  interval  fitting 
of  known  regre$sionaTunctions.  For  the  practical 
example: 


0.311 

,  40. 5f 

G(f )dB  ^  -5.55f  +  45.4 
k  -24. 5f  +  77 


f  <  1.024  MHz 
1.024  <  f  <  1.7  MHz 
1.7  <f<3  MHz 


Spectral  power  density  of  pseudorandom  signal 


w(f) 


f°  sen2(?fe)  (1'cos7^ 


A:  Pulse  ampl itude  3V. 

:  Load  impedance  of  pair.  Z^  =  ZQ  is  the 
characteristic  impedance  of  the  pair. 

Zp  =  94  50  ofr  pairs  and  ZL  =  124Q  for 
quads . 

By  substitution  of  the  various  analytical  functions 
in  (9)  results: 


l‘/2 


rB  -ao (f/fo)  /2  F(fo,Lo)  f  G(f) 

PF  -  w ( f )  10  10  rj  10^< 

F(f°,Lo)dB 


Pp  =  10  nl  .  I 
In  dB: 

Pp  *  F(fo,Lo)dB  +  lOlog  I  dBw 
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FIELD  TESTERS  FOR  ASSESSING  1.5  AND  2.0  Mbit/s 
DIGITAL  PERFORMANCE  OF  1ETALL1C-PAIR  CABLES 

I  G  Dufour  -  British  Telecom,  London,  UK 


A 


Summary 


The  paper  outlines  the  technical  and  planning 
requirements  for  providing  1.5  and  2.0  Mbit/s 
digital  transmission  on  metallic-pair  cables.  It 
then  describes  how  a  need  for  test  equipment  to 
determine  planning  rules  to  maximise  2  Mbit/s 
working  on  existing  (audio  quad)  cables  has  led  to 
the  development  of  testers  with  a  wider 
application.  A  Digital  Crosstalk  Analyser,  for 
detailed  cable  performance  analysis  and  collection 
of  planning  rule  data,  and  simple  barrage  testers 
for  pre-coonnissioning  tests  are  described.  Both 
types  of  tester  are  suitable  for  testing 
metallic-pair  cables  at  1.5  or  2.0  Mbit/s^- 


Introduct ion 

This  paper  describes  factors  relating  to  digital 
system  provision  on  existing  metallic-pair  cables 
in  junction  (short-haul,  inter-office  trunk) 
networks.  It  relates  these  factors  to  field 
testing  requirements  and  describes  the  use  of 
digital  cable  testers. 

Digital  Provision  in  Junction  Networks 

In  junction  networks  the  most  frequent  requirement 
is  for  1.5  or  2.0  Mbit/s  transmission  and  there 
are  3  options  for  achieving  this:- 

1  Converting  existing  audio  cables. 

2  Providing  new  metallic-pair  cables  designed 

for  digital  transmission. 

3  Providing  optical  fibre  cables, 
usually  with  higher  order  multiplex. 

All  of  these  have  their  place  in  the 
planners  repertoire. 

Existing  cables  were  designed  and 
installed  in  an  exclusively  audio  era  but  are 
capable  of  supporting  significant  numbers  of 
digital  systems.  However,  achieving  maximum 
digital  fills  with  minimum  cost  and  difficulty 
calls  for  more  knowledge  of  the  digital 
performance  of  these  older  cables. 

Metallic-pair  cables  designed  for  2  Mbit/s  working 
can  be  cheap  to  make  and  to  install  but  their 


attractiveness  depends  heavily  on  duct  (conduit) 
availability  and  installation  methods. 

Optical  fibres  are  so  far  only  cost  effective  at 
high  bit  rates,  say  34  Mbit/s  and  above,  and  so 
are  not  yet  viable  in  the  rural  junction  network 
where  2  Mbit/s  is  adequate,  although  this  position 
is  changing. 

Existing  Cables 

Existing  audio  cables  represent  a  large  capital 
investment  and  cannot  be  ignored  as  a  means  of 
providing  digital  systems  in  spite  of  the  many 
attractions  of  providing  a  new  cable  purpose 
designed  for  digital  transmission.  Typical 
situations  where  converting  existing  cables  is 
cost-effective  are  on  long  rural  routes  and  in 
city-centres.  In  both  these  cases  duct-space  is 
at  a  premium.  Furthermore,  the  possibility  of 
recovering  cables  to  provide  duct-space  for  a  new 
cable  is  severely  limited  by  practical 
considerations. 

In  the  UK  almost  all  existing  junction  cables  are 
of  star-quad  construction. 

Cable  Characteristics  Affecting  Digital 
Performance 


It  is  useful  at  this  point  to  review  the  factors 
which  affect  digital  performance.  The  key  cable 
characteristics  are  insertion  loss,  near-end 
crosstalk  (NEXT)  and  far-end  crosstalk  (FEXT). 

The  main  crosstalk  paths  are  shown  in  Fig  1(a). 

Fig  1(b)  shows  additional  crosstalk  paths,  known 
as  3rd-circuit  crosstalk  (3CXT),  which  arise  from 
particular  jointing,  tail  cable  and  regenerator 
housing  arangements.  The  interre lat ionsh ip  of  the 
key  features  and  their  effect  on  error-rate 
performance  can  be  seen  from  Fig  2. 


Figures  1  and  2  follow. 
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(a)  NEXT  AMO  FEXT 


FIGURE  1  CROSSTALK  PATHS 


ATTENUATION  CROSSTALK  NUMBER  OF 

i  INEXT/FEXT/3CXT)  INTERFERED 


signal  noise 


SJGNAL-TO-NOlSt  (S/N| 
RATIO  AT  REGENERATOR 


ERROR 

RATE 


FIGURE  2  EFFECT  OF  CABLE  CHARACTERISTICS  ON 
ERROR  RATE 


Whatever  cable  types  are  employed  local Ly  it  is 
necessary  to  quantify  these  characteristics  and 
relate  them  to  the  line  system  being  used  in  order 
to  determine  the  digital  capacity  of  the 
cable^  * 

In  determining  the  digital  capacity  of  cables  two 
approaches  are  possible:  to  treat  each  cable  on 
its  own  or  to  characterise  cables  of  a  common  type 
with  a  view  to  producing  planning  rules.  In  the 
UK  the  latter  approach  has  been  adopted  but  with  a 
recognition  that  individual  cables  must  be  tested 
when  they  are  outside  the  planning  rule  guidelines. 
Pre-commissioning  tests  are  also  required  . 

Planning  Rules  (Existing  Cables) 

The  planning  rules  now  used  in  the  UK  are  derived 
from  large  amounts  of  crosstalk  data  obtained  from 
measurements  on  many  cables.  Having  characterised 
the  network  from  a  statistically  valid  sample,  the 
number  of  systems  that  can  be  installed  on  any 
cable  can  be  predicted,  within  certain  confidence 
limits,  such  that  an  acceptable  error  ratio  is  not 
exceeded . 

The  rules  allow  the  planner  to  trade-off 
regenerator  spacing  against  cable-fill  according 
to  economic  or  operational  cons iderat ions .  They 
are  expressed  in  terms  of  the  probability  of 
success;  the  published  figures  assume  that  20 % 
more  pairs  are  intercepted  than  are  actually 
required  and  that  the  number  of  systems  shown  will 
be  achieved  in  99  out  of  100  routes.  Of  course,  a 
high  proportion  of  interceptions  will  prove 
capable  of  supporting  more  systems  than  the 
published  figure.  The  actual  capacity,  after 
interception  of  pairs  into  regenerator  housings, 
is  then  determined  by  the  planner  from  an  analysis 
pre-commissioning  tests  , 

Summary  of  Testing  Requirements 

From  the  foregoing  the  following  testing 
requirements  have  been  identified:- 

-  Tests  to  characterise  cables  and  produce 
planning  rules.  A  large  amount  of  crosstalk 
data  is  required  so  that  the  number  of 
systems  that  can  be  installed  on  any  cable 
can  be  predicted. 

-  Tests  to  confirm  that  the  predicted  capacity 
is  actually  achieved  and  to  establish  what 
extra  capacity  is  avai lab le  (pre-commissioning ), 

-  Tests  to  troubleshoot  cables  where  the 
predicted  capacity  is  not  achieved. 

-  Tests  on  cables,  prior  to  interception  of 
pairs,  where  the  planning  rules  indicate  that 
the  required  system  fill  cannot  be  achieved. 

The  paragraphs  which  follow  describe  the  UK 
experience  with  test  equipment  to  meet  these 
needs . 


International  Wire  &  Cable  Symposium  Proceedings  1982 


123 


Digital  Testing  Techniques 

There  are  a  variety  of  measurement  techniques  used 
to  assess  digital  crosstalk  performance:  single 
frequency,  swept  frequency,  band  limited  white 
noise,  single  digital  source  and  multiple  digital 
sources  all  provide  useful  data.  However,  of 
these,  the  digital  source  techniques  are  preferred 
in  British  Telecom  because  they  correspond  to  the 
ultimate  use  of  the  pairs  and  are  more  easily 
related  tc  digital  system  performance. 

Of  the  digital  source  techniques  the  traditional 
margin  test  using  an  attenuator/error  detector 
combination  is  largely  unsuited  to  field 
appl icat ions . 

For  planning  rule  formulation  cable  crosstalk  is 
best  character ised  by  analysing  many  individual 
pair-to-pair  combinations  (ie  sending  a  digital 
signal  on  one  pair  only  and  measuring  on  another). 

The  so  called  "barrage"  test  method,  whereby  all 
transmit  pairs  are  loaded  with  send  signals  and 
the  receive  pair  noise  measured,  is  the  most 
suitable  for  particular  cable  assessment, 
especially  pre-commissioning  tests. 

Cable  Characterisation 

It  was  foreseen  in  the  mid-1970s  that  the  large 
number  of  2  Mbit/s  systems  required  for 
modernisation  would  cause  problems  on  existing 
quad  cables  and  that  the  planning  rules  which  had 
satisfied  iower  circuit  requirement  demands  would 
have  to  be  revised.  To  do  this  it  was  decided  to 
base  the  rules  on  the  results  of  a  substantial 
measurement  program:  but  first  a  tester  had  to  be 
designed  for  the  purpose  In  order  to  allow 

many  pair-to-pair  measurements  to  be  made  without 
manual  intervention  it  was  a  requirement  to  be 
able  to  connect  many  pairs  to  the  tester  and  for 
the  tester  to  test  the  combinations  sequentially. 

As  the  most  common  regenerator  housing  in  the  UK 
contains  regenerators  for  36  digital  line  systems 
it  was  therefore  a  requirement  for  the  tester  to 
have  36  digital  outputs.  This  would  also  allow 
the  facility  of  sending  on  all  transmit  pairs  at 
the  same  time  to  allow  barrage  noise  to  be 
measured  on  each  teceived  pair. 

The  solution  chosen  was  to  have  36  separate 
generators,  each  generator  being  driven  by  its  own 
clock  or  from  a  common  clock  thus  allowing 
plesiochronous  or  synchronous  working  to  be 
simulated.  In  addition  to  the  pseudo-random 
sequences  it  was  decided  to  allow  for  the 
generators  to  be  set  to  give  an  "all  ones"  pattern 
which,  when  encoded  into  HDB3  gives  continuous 
mark  reversals.  This  signal  can  be  used  for 
insertion  loss  measurements  at  approximately  1  MHz. 
The  object  of  the  measurements  is  to  determine  the 
amount  of  noise,  resulting  from  crosstalk,  at  the 
decision  point  of  a  regenerator  as  this  directly 
affects  the  required  error  rate  (Figure  2).  To  do 
this  it  was  decided  to  modify  a  proprietary 
regenerator  to  give  access  to  the  decision  point 
and  the  age  control  circuitry.  Crosstalk  noise  at 


the  decision  point  is  then  measured  by  sampling 
and  the  information  processed  digitally  to  obtain 
the  rms  voltage  of  the  crosstalk  noise.  As  up  to 
36  receive  pairs  need  to  be  measured  a  switching 
matrix  is  required  to  enable  any  one  of  them  to  be 
connected  to  the  regenerator. 

R92A  Tester 

A  tester  to  meet  the  above  requirements  was 
designed,  and  made  in  small  numbers,  at  the 
British  Telecom  Research  Laboratories.  The  tester 
was  named  the  R92A  Tester  and  is  shown  in 
Figure  3. 


FIGURE  3  THE  R92A  TESTER 


The  signal  generator  and  receive  units  are  in  separate 
cases.  For  NEXT  (and  3CXT)  measurements  both 
units  are  used  at  the  same  site  whereas  for  FEXT 
and  insertion  loss  measurements  the  units  are 
sited  at  the  opposite  ends  of  a  regenerator 
section.  In  order  to  control  the  test  sequences 
and  allow  individual  pair-to-pair  and  barrage 
measurements  to  be  made  the  switching  of  the 
transmit  signals  and  of  the  receive  unit  was  put 
under  microprocessor  control.  A  communication 
link  is  required  between  the  2  units  (via  a  pair 
in  the  cable  when  units  are  separated). 

The  NEXT  (and  3CXT)  measurements  which  can  be 
carried  out  with  both  units  at  one  site  are  thus:- 

-  All  pair-to-pair  combinat ions  using 
pseudo-random  sequences. 

-All  pair-to-pair  combinations  using  "all  one" 
signa Is . 

-  Barrage  measurements  using  pseudo-random 
sequences,  plesiochronous. 

-  Barrage  measurements  using  pseudo-random 
sequences,  synchronous. 

-  Barrage  measurements  using  "all  one"  signals, 
plesiochronous . 

-  Barrage  measurements  using  "all  one"  signals, 
synchronous . 
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With  units  at  opposite  ends  of  the  regenerator 
section,  FEXT  measurements  can  be  carried  out  in 
the  same  variations  listed  for  NEXT  together  with 
insertion  loss  and  some  other  facilities  included 
with  minimum  effort  such  as  error  rate  monitoring 
and  the  amplitude  distribution,  sampled  over  a  set 
period,  of  any  extraneous  noise  on  the  cable. 

The  cable  pair  test  results  are  recorded  on 
magnetic  tape  (cassette)  for  later  printing 
although  a  single  reading  UEP  display  and  a 
printer  are  provided  for  on-site  inspection  of  a 
few  readings. 

The  R92A  testers  were  first  used  in  1979  and  have 
since  completed  an  extensive  measurement  program 
to  characterise  UK  quad  cables.  The  pair-to-pair 
measurements  in  particular  have  been  used  to 
formulate  planning  rules. 

Digital  Crosstalk  Analyser  (DCA) 

Experience  with  the  R92A  tester  confirmed  the  need 
for  cable  evaluation  in  the  field.  The  main  UK 
applications  would  be  for  debugging  problem-cables 
and  evaluating  the  digital  performance  of  cables 
where  the  planning  rule  predictions  show  insufficient 
digital  fill  for  the  planners  needs.  For  other 
administrations/telcos  the  ability  to  collect  data 
for  planning  rules  formulation  would  be  a  prime 
requirement . 

Consideration  was  given  to  manufacturing  more  R92A 
testers.  However,  although  the  R92A  proved 
valuable  it  had  shortcomings.  These  were:- 

-  designed  for  use  by  specialists  not  normal  cable 
test  teams; 

-  little  feedback  to  user  during  tests; 

-  results  not  available  on-site:  printout  from 
cassette  caused  delay; 

-  insufficient  digital  output  signals  for  large 
cables  or  assessing  3CXT  effects; 

-  insufficiently  rugged. 

The  DCA  was  therefore  developed  as  an  improved 
field  tester  based  on  the  R92A.  It  has  been 
jointly  developed  by  British  Telecom  and  Racal. 

The  main  features  are  the  use  of  144  bidirectional 
signal  ports  and  a  desk  top  computer  controller  to 
provide  software  control  of  functions  and  on-site 
computing  power  with  operator  feedback.  The  main 
measurement  capability  is  as  described  earlier  for 
the  R92A  Tester:  viz  NEXT,  3CXT  and  FEXT  in 
pair-to-pair  and  barrage  wades  with  pseudo-random 
and  "all  ones”  signals.  Also,  for  barrage,  the 
option  of  plesiochronous  or  synchronous  signals. 
However,  the  opportunity  was  taken  to  allow  for 
2  clock  frequencies  to  allow  measurements  at 
2048  kbit/s  or  1536  (or,  optionally,  1544)  kbit/s 
to  be  made.  A  full  technical  specification  is 
included  as  an  appendix. 

The  software  control  of  functions  is  very 
important  as  the  test  sequences  and  analysis  of 


data  can  be  varied  to  suit  user  requirements.  For 
instance,  the  144  signal  ports  can  be  configured 
in  any  combination  of  transmit  and  receive.  For 
UK  use  72  transmit  outputs  and  72  receive  paths 
are  normal.  Similarly,  the  analysis  programs  can 
be  adapted  to  suit  any  cable  type  and  regenerator 
housing  configuration.  In  the  UK  the  analysis  is 
tailored  to  quad  cables  and  2  uni-directional 
regenerators  in  a  single  unit. 


Prototypes  of  the  DCA  have  already  been  employed 
for  field  tests  (Figure  4)  and  production  units 
are  now  being  made. 


FIGURE  4  THE  DCA  IN  USE 


The  equipment  is  shown  in  more  detail  in  Figure  5 
from  which  it  can  be  seen  that  the  equipment 
comprises  a  DCA  plinth  unit,  a  power  supply  unit, 
the  desk  top  computer  controller  and  various 
connecting  cords.  For  UK  use  British  Telecom  has 
selected  the  Hewlett  Packard  HP  85  computer. 


FIGURE  5  THE  DCA 
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A  single  plinth  unit  is  used  for  NEXT/3CXT 
measurements  and  2  plinth  units  for  FEXT  and 
insertion  loss  measurement s .  Any  plinth  can 
used  in  local  or  remote  mode.  Typical  test 
arrangements  are  shown  in  Figure  6. 


(a) 
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(b)  NEXT  ON  BOTH  SIDES  PLUS  3  CXT 
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REGENERATOR 
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(c)  NEXT  ON  BOTH  SIDES  PLUS  3CXT  AT  CONTROLLER 
LOCATION  PLUS  FEXT 

FIGURE  6  TYPICAL  TEST  CONFIGURATIONS  WITH  THE 
DCA 


Once  assembled  and  connected  to  the  regenerator 
housing  (or  cable  pairs)  the  operator  selects  the 
appropriate  tests.  The  software  designed  for  UK 
application  gives  the  option  of  a  standard  test 
routine  or  the  selection  of  any  particular  type  of 
test  on  any  specific  pair  or  group  of  pairs. 

A  key  feature  of  the  standard  test  routine  is  a 
printout  giving  the  opt imum  ut i 1 isat ion  of  pairs 
in  a  regenerator  section  to  achieye  maximum  system 
fill.  The  particular  combination  of  transmit  and 
receive  pairs  to  achieve  the  optimum  is  almost 
impossible  to  determine  with  other  test  methods. 

Barrage  Testing 

It  has  already  been  explained  that  the  planning 
rules  are  based  on  intercepting  more  pairs  than 
are  required  and  that  statistically  there  is  only 
one  chance  in  100  that  the  desired  capacity  will 
not  be  achieved.  Nevertheless,  there  is  an 
assumption  that  it  is  necessary  to  test  the 
intercepted  pairs  to  determine  those  which  will 
actually  support  digital  transmission.  The 
R92A  Tester  and  the  Digital  Crosstalk  Analyser  are 
unnecessari ly  complex  for  this  purpose  and  a  much 
simpler  tester  can  be  designed.  The  fundamental 
requirement  is  to  be  able  to  generate  many 
pseudo-random  transmit  signals  and  to  measure  the 
resultant  crosstalk  noise  on  each  receive  pair. 
Three  versions  of  such  testers  are  already  in  use 
in  the  UK  and  a  fourth  variety  will  shortly  be 
introduced . 

The  first  version  was  constructed  quickly  using 
readily  available  parts:  in  particular  an  existing 
S  output  2  Mbit/s  HDB3  pulse  generator ,  of  which 
2  were  used,  for  the  transmit  section  and  an  rras 
level  meter  for  the  receive  side.  The  unit  was 
powered  by  a  lead-acid  battery  (24V).  The  main 
items  needing  construction  were  a  receive 
amplifier,  incorporating  a  filter  to  simulate  the 
frequency  sensitivity  characteristics  of  a 
regenerator,  a  case,  and  the  test  lead  for  making 
connections  to  the  regenerator  housing.  The 
Tester  T63  was  first  issued  to  the  field  in  1980 
and  is  shown  in  Figure  7. 


FIGURE  7  THE  T63  TESTER  IN  USE 
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The  next  development  was  to  Increase  the  number  of 
outputs  by  designing  a  new  pulse  generator  with 
18  outputs.  This  was  of  identical  size  to  the 
former  8  output  version  and  allowed  upgrading  of 
the  earlier  testers  to  36  transmit  signals. 

Using  standard  items,  intended  for  internal 
mounting,  was  accepted  because  of  the  need  to 
produce  a  field  tester  quickly.  For  the  longer 
term  a  more  rugged,  purpose  designed,  tester  based 
on  the  established  principles  and  experience  of 
use  was  specified.  In  the  meantime  a  commercial 
manufacturer  produced  a  third  version  Karrage 
tester  (Tester  T1019)  based  on  the  36  output  T63 
but  in  a  modified  construction  practice 
(F igure  8 ) . 


FIGURE  8  THE  T1019  TESTER 


The  next  version  will  have  several  features  not 
common  to  its  predecessors:- 

-  the  transmit  and  receive  functions  will  be  in 
separate  cases; 

-  the  transmit  signals  will  be  selectable  between 
all  1536  kbit/s  or  all  2048  kbit/s  (HDB3  encoded) 

-  the  transmit  signals  can  be  individually 
disab led ; 

-  the  receive  unit  has  a  liquid  crystal  display 
of  the  true  rms  level  of  the  incoming  digital 
crosstalk  noise; 

-  the  receive  unit  also  incorporates  2  transmit 
generators; 

-  the  units  are  of  robust  construction; 

-  operation  from  battery  or  mains  (eg  from  a 
generator) . 


All  the  versions  follow  the  same  basic  principle 
shown  in  Figure  9. 


1— - — 1  Receive  unit  input 


connected  to  each 
receive  pair  in  turn 
and  noise  measured. 

(a)  NEXT  MEASUREMENT 


Transmit  signal 
dis  connected,  and 
receive  unit  in  -ut 
connected,  to  >ach 
pair  in  turn  and 
noise  measured. 

(b)  FEXT  MEASUREMENT 

FIGURE  9  PRINCIPLES  OF  BARRAGE  MEASUREMENT 

The  r „ain  application  of  barrage  testers  in  the 
field  is  as  follows.  After  interception  of  the 
pairs  into  regenerator  housings  but  before  system 
commissioning  the  pairs  are  tested  with  a  barrage 
tester.  From  the  planning  rules  it  is  generally 
known  which  cable  configurations  are  limited  by 
NEXT  and  which  by  FEXT.  When  NEXT  is  the  main 
cons ideration  the  tester  is  taken  to  each 
regenerator  housing  and  tests  are  made  first  in 
one  direction  and  then  in  the  other.  To  test  in 
one  direction,  all  the  transmit  pairs  are 
connected  to  the  transmit  signal  outputs  and  each 
receive  pair  is  connected  in  turn  to  the  receive 
input  of  the  tester.  The  measured  readings  are 
recorded.  The  maximum  level  of  noise  that  al lows 
a  commissioning  error  rate  of  better  than  1  in 
10l°  to  be  achieved  has  been  established  by 
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laboratory  measurement  for  a  range  of  line 
insertion  losses  at  1  MHz.  ’’'his 

information  is  m  nomogram  form  and  tor  any  known 
regenerator  section  line  loss  the  minimum 
acceptable  noise  level  can  be  established.  The 
measured  readings  are  then  compared  to  this  to 
provide  an  instant  go/no-go  result.  Different 
nomograms  apply  to  different  line  rates  and  the 
one  used  for  the  forthcoming  1.5  MBaud  4B3T 
(4  Binary  3  Ternary)  line  code  will  incorporate 
appropriate  conversion  factors  to  allow  the  actual 
readings  from  1536  kbit/s  HDB3  signals  to  be 
assessed . 

For  FEXT  measurements  similar  considerations  apply 
except  that  the  transmit  signals  are  remote  from 
the  receiver.  In  this  application  it  is  obviously 
wasteful  to  have  a  single  unit  for  the  transmit 
and  receive  sections  as  2  must  be  used  hence  the 
requirement  in  future  for  separate  units.  FEXT 
measurements  can  be  tine  consuming  because  of  the 
need  to  remove  transmit  signals  from  each  pair  in 
turn  as  they  are  measured  at  the  other  end.  It  is 
therefore  envisaged  that  the  DCA  will  be  used  in 
its  barrage  mode  where  the  number  of  FEXT 
measurements  to  be  made  is  substantial. 


The  way  in  which  an  attempt  was  made  to  optimise 
attenuation,  NEXT  and  FEXT  for  the  current 
(2  Mbit/s  HDB3J  UK  regenerators  can  be  seen  in 

Figure  10. 


A  pleasing  practical  result  of  the  very  large 
number  of  barrage  tests  now  carried  out  is  that 
the  published  planning  rules  appear  to  have  been 
correctly  determined. 

Transverse-screen  Cables 

Although  beyond  the  main  subject  of  this  paper 
another  experience  in  using  the  test  equipment  may 
be  of  interest.  This  is  in  connection  with  the 
development  of  a  new  range  of  small  pair-count 
(20,  40,  60  and  80  pairs)  transverse-screen  cables 
purpose  designed  for  100%  digital  fills.  The 
assessment  of  prototype  cables  was  carried  out 
using  the  R92A  tester  using  pair-to-pair  and 
barrage  measurements. 

Once  the  electrical  and  physical  parameters  had 
been  determined  and  specified  early  production 
cable  was  subjected  to  rigorous  testing,  again 
with  the  R92A  tester.  Agreements  with 
manufacturers  allowed  type  approval  to  be  given  to 
avoid  the  need  for  costly  digital  testing  in  the 
factory. 

Several  installed  cables  have  subsequently  been 
tested  with  either  the  R92A  tester  or  the 
T63  barrage  tester  to  confirm  that  performance  is 
being  maintained  in  production. 


FIGURE  10  EVALUATION  OF  TRANSVERSE-SCREEN  CABLE 
PERFORMANCE 


The  boundaries  of  performance  are  37  dB  insertion 
loss  and  30  dB  s ignal - to-barrage  noise  ratio 
measured  on  the  R92A  tester.  (The  latter  figure 
is  determined  in  the  laboratory.)  The  graph  shows 
the  worst  case  readings  from  a  sample  of  early 
production  80-pair  cable.  The  optimum 
economic/technical  performance  would  appear  to  be 
for  the  total  barrage  noise  (NEXT  plus  FEXT)  to 
pass  through  the  intersect  of  the  limits. 

Practical  considerations,  however,  dictate  that 
performance  on  the  "safe"  side  of  the 
limits  is  desirable  and  in  practice  regenerator 
sections  have  been  restricted  to  the  2. 0-2. 2  km 
(1$  miles)  range  to  allow  trouble-free  performance 
with  simple  installation  techniques. 

Cone lus ion 

Administrations  and  Telcos  throughout  the  world 
are  now  committed  to  extensive  programs  of 
digitalization.  Maximising  the  use  of  existing 
cables,  and  hence  investment,  is  a  common 
preoccupation.  This  paper  has  described  the 
problems  and  solutions  from  a  British 
point-of-view  with  particular  emphasis  on  field 
testers.  The  Digital  Crosstalk  Analyser  is  a 
powerful  tester  for  character  is ing  cable 
performance,  debugging  problem-cables  and 
determining  optimum  system  fills  in 
particular  cables.  Its  features  are  thought  not 
to  be  available  commercially  elsewhere.  Barrage 
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testers  are  simpler  and  cheaper  and  because  of 
this  have  wider  application  for  pre-commissioning 
tests.  The  latest  British  version  incorporates 
the  benefits  of  several  years  experience  of 
earlier  varieties. 
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APPENDIX 


TECHNICAL  SPECIFICATION  OF  DIGITAL 
CROSSTALK  ANALYSER 

NUMBER  OF  PORTS 

144  bidirectional 

TRANSMITTED  SIGNAL 

2*5-1  prbs  and  "all  1 '  a" 

CODING 

HDB3 

CLOCK  FREQUENCY 

2048  kHz  and  1536  kHz  or  1544  kHz 

OPERATING  MODES 

Plesioehronous  or  synchronous 

STATUS  INDICATION 

System  status  indicated  by  LEDs 
Communications 

Controller  to  local  Plinth 
Remote  to  local  Plinth  Operating  frequency 
Supply  rails 

OUTPUT  DISPLAY 

Dependent  on  desk  top  computer  used  (eg  VDU,  US 0 
display,  printer) 

SIGNAL  PROCESSING 

Equalisation  by  regenerator  input  stage  Range  5-37 
dB  at  1024  kHz 

CONTROL  SYSTEM 

Overall  system  control  by  desk  top  computer. 

Plinth  Unit  measurement  functions  controlled  by 
microprocessor 

OUTPUT  UEVEL 

6V  pk-pk  into  120  ohm 

MINIMUM  (KASURABLE  CROSSTALK 

-IQ5  dB  relative  to  transmitted  signal 

t«ASUREMENT  REPEATABILITY 

+  1.5  dB 

TERMINATION  IMPEDANCE 
120  ohm  nominal  input  port 


FEASUREMENT  CAPABILITY 

NEXT  )Controller) 

3rd  cct  XT  )and  )Controller 

Impulsive  Noise)l  Plinth  land 
FEXT  ) 2  Plinths 

Insertion  Loss  ) 

Error  Ratio  ) 

SYSTEM  SELF  CHECK 

Microprocessor  system  self  test.  Internal 
amplifier  and  regenerator  gain  calibration. 

Cable  connection  integrity  check.  Signal  source 
amplitude  check. 

OPERATION 

Single  measurement  or  pre-programmed  measurement 
sequences  under  software  control. 

SYSTEM  CONTROLLER  TO  PLINTH  UNIT  CONNECTION 

Multipair  umbilical  10  metres  maximum  length 

PLINTH  TO  REGENERATOR  HOUSING  CONNECTORS  OR  CABLE 


Direct  to  UK  Case  Repeater  No.  1A  (connectors 
Plessey  74/10/1951/10  or  McMurdo  700/3453/19) 
or  via  suitable  test  leads. 

SOFTWARE 

Controller 

Overall  system  control 
Data  recording  and  analysis 
Plinth  Unit 

Basic  crosstalk  measurement 
Signal  in/out  control 
Common  measurement  sequences 

TEMPERATURE  RANGE 

Working  -5°C  to  +  40°C 
Storage  -15°C  to  +  50°C 
(Meets  BS  2011  parts  Ad  and  Ca) 

POWER  SUPPLIES 

105,  115,  125,  220,  240  Volta  AC 
+102,  -152  45-65  Hz 

PLINTH  UNIT 

Size 

Width  560  mm 
Height  250  on 
Length  300  mm 

Weight 

22  kg 
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Abstract 


A  simple  delta  form  of  open-circuit  admittance  dia¬ 
gram,  representing  a  pair  in  a  multi-pair  telephone 
cable,  has  served  well  for  many  years  both  cable  de¬ 
signers  and  cable  users.  Recent  interest,  however, 
in  the  mechanism  of  water  entry  into  filled  cable 
cores,  has  shown  inadequacies  of  this  diagram  inas¬ 
much  as  it  could  not  pass  the  basic  examination  of 
a  limiting  case  capacitances  presented  by  water 
flooding  of  the  cable  core.  Furthermore,  this  com¬ 
monly  accepted  diagram  cannot  explain  an  apparent 
anomaly  of  a  negative  dissipation  factor  obtained 
from  measurement  of  open-circuit  wire-to-wire  ad¬ 
mittance  of  a  moisture  logged  cable. 


As  C 


gs 


®,  wire-to-ground  capaci¬ 


tance  chain  C  will  have  to  tend  to- 
g 

wards  the  value  represented  by  C 


"gi 


series  with  C  ,  or  C 
gP  g 


(C 


gi 


C  ) 
gP 


c  .c  / 

gi  gP 


c)  Mutual 


It  follows  from  (a)  and  (b)  that  the 
mutual  capacitance 

C  .C 

c  +  JLU5£ 


di 


c  ,  .C 

gi  +  gP 


This  paper  proposes  modifications  of  the  pertinent 
open-circuit  admittance  components  and  shows  that 
the  modified  circuit  passes  all  the  critical  exami¬ 
nations,  including  explanation  of  the  measured  nega¬ 
tive  dissipation  factor  of  the  wire-to-wlre  branch. 

A 

Introduction 

The  commonly  accepted  simple  delta  form  of  open- 
circuit  admittance  (Y)  or  impedance  (Z  =  l/Y)  dia¬ 
gram  of  a  pair  in  a  multi-pair  telephone  cable, 
namely  TR-RG-GT,  is  shown  in  Fig.  1,  It  is  appar¬ 
ently  altered  by  moisture  entry  into  the  cable  core 
so  that  it  cannot  pass  the  examination  of  the  limit¬ 
ing  case  admittances  or  capacitances  resulting  from 
a  complete  cable  core  flooding  condition. 

Simple  modification  of  this  diagram,  recognizing 
partial  values  due  to  the  insulation  and  the  cable 
core  snace  medium,  see  Fig.  2,  do  not  alleviate  the 
problem,  since  it  is  readily  apparent  from  Fig.  2 
that  upon  water  flooding,  partlals  representing 
cable  core  space  medium  impedances  tend  to  zero 
or  the  corresponding  admittances  tend  to  infinity. 
Thus,  speaking  in  terms  of  capacitances,  the  use  of 
the  diagram  of  Fig.  2,  will  yield  the  following 
limiting  capacitances  at  full  water  saturation  of 
the  cable  core: 

a)  Wire-to-Wire 

As  -*■  °°9  wire-to-wire  capacitance 

C,  will  have  to  tend  to  C../2. 
d  di 

b)  Wire-to-Ground 


In  reality,  however,  it  has  been  practically  estab¬ 
lished  by  many  experimenters^  »  ^  ^  ^  ,  that  with 
the  water  flooding  of  the  cable  core,  wire-to-wire 
series  capacitance  chain  Cj  tends  to  zero,  wire-to- 
ground  series  capacitances  Cg  tend  to  self  capaci¬ 
tance  Cs ,  or  Cdi  +  Cgi  per  Fig.  2,  while  the  mutual 
capacitance  Cm*  at  full  water  saturation,  becomes 
Cs/2. 

It  is  clear  therefore,  that  at  the  limiting  con¬ 
ditions  of  complete  cable  core  water  flooding,  the 
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Fig.  2 


Currently  used  delta  diagram  does  not  pass  another 
critical  examination.  The  experimenters  have  ob¬ 
served^)  that  the  measured  dissipation  factor  of 
the  wire-to-wire  chain  Cd  in  the  filled  cables  be¬ 
comes  negative  upon  moisture  entry  and  increases  in 
the  negative  direction  with  continued  exposure  of 
cable  core  to  water*  see  Table  1.  The  same,  seem¬ 
ingly  odd,  result  is  obtained  by  direct  measurement 
of  Cd  using  balanced  bridges  and  through  calcula¬ 
tions  from  measured  tip  to  ground,  ring  to  ground, 
and  tip  plus  ring  to  ground  capacitances  using  un¬ 
balanced  bridges.  Referring  back  to  Fig.  2*  it  is 
clear  that  water  entry  will  increase  both  the  ca¬ 
pacitance  and  the  dissipation  factor  constituting 
the  admittance  Yds.  However,  there  is  no  apparent 
way  that  the  latter  can  cause  the  dissipation  factor 
of  the  series  wire-to-wire  chain  to  become  negative. 


All  of  the  above  observations  point  to  the  inade¬ 
quacy  of  the  currently  accepted  simple  delta  open- 
circuit  diagram  of  a  pair  in  a  telephone  cable. 


Proposed  Circuit  and  its  General  Analysis 


The  experimental  results,  see  Table  1,  and  their 
preliminary  discussion  under  "Introduction"  point 
to  the  necessity  of  modification  of  currently  used 
open-circuit  pair  diagram.  It  is  proposed  that  this 
required  modification  can  be  represented  by  the 
addition  of  the  branches  AO,  BO  and  CO,  as  shown  in 
Fig.  3. 

Table  1 


1  kH* 

Canaei tances 

and  Dissipation 

Factors  of 

Filled  Cable 

•  m  'later  Immersion  Tests  at 

Room  Temperature 

limners' 

on  Wire- 

to-Cround 

Wi re-to- 

■Wire 

Mutual 

Time , 

0*ys 

C.pF 

tan'. 

C.pF 

tan- 

C.pF 

tan< 

0 

715.09 

.00046 

212.26  - 

.00023 

569.81 

.00025 

47 

733.20 

.00225 

208.24  - 

.00267 

574.84 

.00095 

194 

715.87 

.00304 

203.69  - 

.00533 

579.63 

.00103 

607 

778.74 

.00451 

195.77  - 

.00946 

585.14 

.00142 

1290 

793.82 

.00682 

192.58  - 

.01316 

589.49 

.00244 

Throughout  this  paper,  the  capacitance  unbalance  to 
ground  is  not  considered  since  normal  paired  tele¬ 
phone  cables  have  better  than  1%  balance.  Thus,  the 
admittance  or  the  impedances  shown  in  Fig.  1,  for 
simplicity  of  subject  analysis,  were  taken  as 

dil  =  di2  =  di 
dil  =  ds2  *  ds 
gil  =  gi2  *  gi 
gsl  =  gs2  *  gs 
gpl  =  gp2  «  gp 
and  ggl  =  gg2  «  gg 

Thus,  working  for  convenience  with  impedances,  it 
can  be  seen  that  the  proposed  modified  diagram  of 
Fig.  3  can  be  reduced  to  that  of  Fig.  4  below. 


T  R 


Fig.  4 


It  should  be  noted  at  this  time  that  normally  three 
admittances  of  a  pair  are  determined  by  measurements 
at  1000  Hz  (electrically  short  lines),  i.e.  Yl,  of 
tip  wire  to  ground  G,  Y2  of  ring  wire  R  to  ground 
and  Y3  admittance  is  measured  with  T  and  R  wires 
together  and  ground  G.  Measured  complex  quantities 
are  then  used  to  determine  the  capacitance  of  in¬ 
terest,  namely,  wire-to-ground  admittance  Yg  or  the 
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capacitance  chain  Cg ,  wire-to-wire  admittance  Yd  or 
the  capacitance  chain  Cd,and  the  mutual  capacitance 
Cm  or  Ym,  i . e . 


eg  - 


Y1  +  9  Y2  -  3  Y3  2  3  VI  -  Q  Y3 


Yl  +  2  /  Y2  -  Y3_  4 

4  >  — 


Y3  (3) 


Measured  real  components  are  similarly  treated  to 
permit  derivation  of  wire-to-ground,  wire-to-wire 
and  mutual  conductances  Gg,  Gd  and  Gm  respectively, 
namely 

Gg  =  (4) 

Gd  s  3  (5) 

and  G„,  „  -A-Y.3  (6) 

The  validity  of  equations  (2),  (3),  (5)  and  (6)  is 
confirmed  by  the  direct  measurements  of  Cd,  Cm,  Cd 
and  Gm  using  balanced  measuring  equipment. 


Zgi+Zgs-k 


Fig.  6 


Returning  now  to  the  circuit  of  Fig.  4,  it  can  be 
seen  that  its  wire-to-ground  impedance,  or  Z\,  is 
obtained  when  either  tip  T  terminal  or  ring  R  termi¬ 
nal  is  taken  to  ground.  Similarly,  Z3  Impedance  is 
that  between  terminal  T  and  R  shorted  and  the  ground 
terminal  G.  It  should  be  realized  that  Z3  =  l/Y^, 
while  Z3  ~  1 / Y 3 . 


while  TR-AO  impedance  (Zi)  if 


f  til  4  Urn  4  Jtigl  !zfi  *  4  f**-f-**  *-Z^- 

[_  Zt‘  SP  *  Zel. 


Zdl  4  Zd«  4  kZdg  4  Zgi  4  Zg»4 


Zg»  z  Zgp  4  Zgg 


Thus,  since  impedance  ZqsZi,  their  circuit  can  be 
represented  as  shown  in  Fig.  5. 

R  or  T 

/ — \  Zdi+Zds 


Zgl+Zgs  Zdg 


Thus,  it  follows  from  equations  (1),  (2),  (3),  (7) 
and  (8)  that  the  open-circuit  admittances  of  in¬ 
terest  for  the  proposed  diagram,  i.e.  Yg,  Yd  and  Ym, 
are  as  follows: 

r*  -  l!  -  i 

2  2Z3 

zii  *  z«.  *  zzdg  4  zgi  4  zg.  4 


Zdl  *  Zds  +  2 Zdg  Zgi  ♦  Zgs 


Zgs  ♦  Zgp  -f  Zgg 


_ Zgs  +  Zgp.4-  zsg _ _ _ _ _ j. _ i _ 

(Zgi  +  Zgs)  (Zgs  ♦  Zgp  +  Zgg)  Zgg  (Zgs  +  Zgp)  ZCi  *  Zd*  ♦  ZZdg 


Zgs+Zgp+Zgs 


(Zdl  ♦  Zd»)  (Zdi  ♦  Zds  ♦  2Zdg) 


Fig.  5 


and  its  value  is 


Zdl  ♦  Zds  ♦  Zdg 1 


+  4  SrferSi 


*  7  Am  ♦  4  Zd*y  ♦  Zgi  ♦  Zg,  ♦ 

zdt  ♦  zds  ♦  zdi  *  zds  ;  zdg  L%  ♦  i»p  ♦  **» 


and  consequently,  under  assumed  pair  balance  con¬ 
ditions,  the  mutual  admittance  Y  can  be  expressed 
as 


I  *  Yd  ♦  J 

'  ,/?|  nr,TVTjin^rv--Hp4-i«rrrw  r av  •"Sq'p)  *nr  vtb]  U 1) 


Similarly,  it  can  be  shown  that  the  pair-to-ground 
impedance  diagram  can  be  reduced  to  that  shown  in 
Fig.  6. 


Examination  of  equations  (9),  (10)  and  (11)  shows 
that  while  Yg  and  Yd  are  a  function  of  impedance 
Zgd,  the  mutual  admittance  Ym  is  not.  This  implies 
no  current  flow  through  Zdg  when  mutual  admittance 
is  measured  directly.  Consequent ly ,  the  mutual 
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impedance  or  admittance  can  also  be  calculated 
directly  from  the  circuit  shown  in  Fig.  4  when  the 
value  of  Zdg  is  assumed  to  be  infinity,  or  an  open- 
circuit.  Examination  of  Figs.  3  and  4  indicates 
that  the  above  conclusion  is  correct,  since  the  ap¬ 
plication  of  +E  to  tip  and  -E  potential  to  ring 
conductors  or  vice  versa,  has  to  result  in  zero  po¬ 
tential  at  point  A.  Therefore,  with  point  G  also 
at  zero  potential,  there  is  no  current  flow  through 
Zdg. 

The  primary  interest  equation  (9),  (10)  and  (11) 
contain  seven  unknowns,  i.e.  Zdi,  Zds,  Zdg,  Zgi, 

Zgp  and  Zgg,  but  only  four  equations  can  be  set  up. 
These  equations  express  Zl,  Z3,  Zd  and  Zm  in  terms 
of  listed  unknown  partial  impedances.  Therefore, 
the  individual  partial  impedances  of  a  particular 
cable  design  cannot  be  determined.  Bringing  in 
engineering  approximations,  or  assumptions,  will 
allow  setting  up  of  additional  required  three  equ¬ 
ations,  but  all  assumptions  appear  to  be  too  risky 
for  the  subject  study.  This  Is  particularly  so  be¬ 
cause  of  implied  study  of  changes  with  time.  The 
electric  field  distribution  with  time  of  cable  im¬ 
mersion  in  water  is  expected  to  change  signifi¬ 
cantly  and  so  will  the  measured  values  of  imped¬ 
ances  or  admittances. 

Limiting  Capacitances  with 

_ Water  Flooding _ 

With  water  flooding  of  the  cable  core,  impedances 
Zds,  Zdg,  Zgs  and  Zgg  can  be  assumed  to  be  practi¬ 
cally  equal  to  zero.  Thus,  general  admittance 
equations  (9),  (10)  and  (11)  of  the  proposed  cir¬ 
cuit  reduce  as  follows: 

Ye  .  ML+J&i 

8  Zdi  Zgi 

*  Ydi  +  Ygi  (9a) 

which  is  equivalent  to  self-capacitance  of  the  insu¬ 
lated  wire . 


m  2Ugi  Zdij 


therefore,  equation  (2),  expressing  the  value  of 
wire-to-wire  admittance  Yd  =  Gd  +  jwCd,  is  valid 
and  is  of  particular  interest.  The  special  in¬ 
terest  stems  from  .'lie  observation  that  its  measured 
dissipation  factor  becomes  negative  soon  after  the 
filled  cable  sample  with  perforated  sheath  is  im¬ 
mersed  in  water. 

Referring  back  to  the  circuit  diagram  of  Fig.  3  and 
equation  (10),  it  Is  clear  that  Yd  Is  not  repre¬ 
sented  by  the  series  chain  TR  since  in  such  a  case 
its  value  would  have  been  independent  of  Zdg  and 
would  have  been  equal  to  1/2  (Zdi  +  Zds).  Further¬ 
more,  the  proposed  diagram  implies  no  direct  uire- 
to-wire  impedance  or  admittance  and  that  in  fact 
the  link,  is  a  T-network,  TR-AO.  Equation  (10)  in¬ 
dicates  that  mathematically,  the  direct  wire-to- 
wire  admittance  is  a  TR  branch  of  an  equivalent 
A-network  transformed  from  the  TR-AO  T-network. 

The  admittance  transformation  relationship  in  ac¬ 
cordance  with  Fig.  3  is 

TR TAT/(2TAT+A0T) 


(Zdi+Zds)  (Zdi+Zds+2Zdg) 

Concentrating  on  Yd,  it  follows  that 

VH  -fYdi  Yds  1  2/(2  Ydl  Yds  ,  \ 

Yd  \Ydi  +  Yds  )  J\  Ydi+Yds  +  Ydg) 

=  Ydl  Yds _ _ _ 

2  (Ydi+Yds+Ydg)  Ydg  (13) 

Water  entry  into  the  filled  cable  core  can  be  ex¬ 
pected  to  increase  real  and  imaginary  parts  of  Yds 
and  Ydg,  while  Ydi,  which  is  the  admittance  due  to 
conductor  insulation,  can  be  assumed  to  have 
negligible  or  zero  conductance  in  comparison  with 
water  affected  Yds  and  Ydg  components.  Thus,  for 
electrically  short  cable  pairs,  the  partial  admit¬ 
tances  can  be  expressed  as 

Ydi  =  jwCdi 
Yds  =  Gds  +  jwCds 
Ydg  =  Gdg  +  jwCdg 
and  Yd  =  Gd  +  jwCd 

and  equation  (13)  can  be  rewritten  as  follows: 


-  ( lla) 

which,  under  assumptions  made  in  this  study,  is 
equivalent  to  half  value  of  self -capacitance , 

Thus,  the  above  shows  that  the  admittances  of  the 
proposed  circuit  of  Fig.  3  reduce  to  the  experi¬ 
mentally  established  values  under  the  limiting  con¬ 
dition  of  complete  water  flooding  of  the  telephone 
cable  core. 


3  2  2 

wJ  Cdi  Cds 


2  2 
w  Gds  Cdi 


W2  (A+B)2  +  (Gds  c'-w2D)2 

jw2  2  Gds  Cdi"  Cds)  [w(A+B)  -  j  (Cds  c'-w2nj 
w2 ( A+B) 2  +  (Gds  c'-w2  D)2  (14) 

.  Gds2  Gdg 


Negative  Conductance  (Dissipation  Factor) 
_ of  Wlre-to-Wlre  Admittance _ 

The  admittance  studies  of  the  cable  pairs  are 
normally  conducted  on  electrically  short  lines  and 


B  -  2  Gds  Cdi  (Cdi+2  Cds  +  Cdg) 

-  Gdg  (Cdi2+2  Cdi  Cds  +  Cds2) 

-  2  Gds  Cds  Cdg 
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c'=  2  Gds  Cdi+Cds  Cdg+2  Gdg  Cdi+2  Gdg  Cds 


and 


2  Cdl  (Cdl  Cds+Cds  Cdg+Cdl  Cdg)^ 
Cdg  (Cdi+Cds)2 


(21) 


D  *  2  Cdi2  Cds+2  Cdi  Cds2+2  Cdi  Cds  Cdg 
+  Cdi2  Cdg+Cds2  Cdg 

Expansion  of  the  above  shows  that  all  G  and  C  pro¬ 
duct  terms  in  the  numerator  are  7th  power  while  w 
component  of  each  term  varies  in  power  from  1  to  5. 

Since  the  conductance 

G  ■  wC  tan<S  (15) 

and  the  test  frequency  is  normally  1000  Hz,  while 
tan*  of  filled  space  medium  in  early  stages  of  cable 
water  immersion  testing  can  be  taken  as  0.001  or 
less,  then  w  tan 5.  1,  or  G  Is  roughly  of  the  same 
order  of  magnitude  as  C,  and  therefore,  only  the 
terms  with  highest  power  of  w  have  practical  sig¬ 
nificance.  Thus,  using  the  latter  simplification, 
and  also  separating  real  and  imaginary  parts 

4  2  2 

Cd  __  w  Cdl  Cds  _ _ 

w2(A+B)2  +  (Cds  c'-w2D)2 

{ 2  Cdi2  Cds  +  2  Cdl  Cds2  +  2  Cdi  Cds  Ct* g  +  Cdl2  Cd&  +  Cds2  Cdg) 
w2  (A+B)  2  +  (Gds  C  -  v2  D)2  (16) 

Cd  Cds  Cdl3  Cds  (Cdl  Cds  4-  Cds  CdR  +  Cdi  Cdg) 

v2  (A+B)2  +  (Gda  c'-w2  P)2 

-w4*  Gdft  Cdl2  Cds2  (Cdi  +  ,'ds)2 
v2  (A+B)2  +  (Cds  C'-w2  0)2  (1?) 

while,  since  Gd  =  wCd  tant. 

a 


but  decreases  with  time  of  immersion  to  a  vale  1. 
Therefore,  it  follows  from  (21)  that  initially 


Cdg 


2  Cdi2  Cds 

2  ? 
Cds  -  Cdi 


(22) 


and  with  time  of  immersion  in  water,  when  the  dis¬ 
sipation  factor  tan'd  becomes  negative,  the  value 
of  capacitance  Cdg  becomes  as  shown  below 


Cdg 


2  Cds 


Cds  -  1 
Cdi2 


(23) 


It  is  certain  that  Cds/Cdi  ratio,  and  specially  its 
square,  increases  rapidly  with  the  longitudinal  as 
well  as  transverse  moisture  ingress  into  the  cable 
core.  With  time  of  immersion  Cds  has  to  increase 
primarily  due  to  increase  in  SIC  of  filled  space, 
while  changes  in  electric  field  distribution  re¬ 
sult  in  decrease  of  Cdi.  The  latter  causes  the  RHS 
of  the  inequality  (23)  to  diminish  in  magnitude. 
Since  Cdg  also  has  to  increase  with  moisture  entry, 
the  established  constraints  of  the  inequality  are 
quickly  satisfied.  Of  course,  it  is  readily  ap¬ 
parent  that  the  value  of  the  square  of  Cds/Cdi 
ratio  Is  always  greater  than  unity,  since  otherwise 
Cdg  would  be  negative  and  this  is  a  physical  impos¬ 
sibility.  Any  further  elaborations  are  judged  to 
be  potentially  risky  without  the  work  of  the  field 
mapping. 


tan'  ..  2Gd*  Cdl 
d  ~ - 

-Cdg  Cdi2 
where  E  -  (2  Cdi2 


Cds  (Cdl  Cds+Cds  Cdg+Cdi  C^) 
w  Cdi2  Cds2  E 

2  _C 
~2 


(18) 


cdi*  cds  e 


7  2  2 

Cds+2  Cdl  »Js  +Cdl  Cds  Cdg+Cdl  Cdg+Cds  Cdg) 


Conclusions 


1.  New  proposed  open-circuit  admittance  diagram  of 
a  pair  in  the  multi-pair  telephone  cable  passes  all 
the  examinations  including  limiting  case  of  com¬ 
plete  water  flooding  of  the  cable  core. 


Equation  (18),  giving  the  loss  tangent  of  the  wire- 
to-wire  capacitance  Cd,  is  relatively  complex  and 
difficult  to  examine.  It  is  clear  though,  that 
tan^d  will  be  negative  if 

2w  tan<£  ,  >tan<*i ,  Cdi^Cds2(Cdi  Cds+Cds  Cdg+Cdi  Cdg) 
ag  as 

-w  tan*  ,  Cdi2  Cds2  Cdg  (Cdi+Cds)2  <0  (19) 

ag 


or 


tan-t.  >tan*. 
dg  ds 


2  Cdi  (Cdi  Cds+Cds  Cdg+Cdl  Cdg) 

Cdg  (Cdi+Cds)2  (20) 


It  is  assumed  that  at  any  time  tan'*ds * 

values  being  characteristic  of  the  filled  space 
medium  surrounding  any  given  pair,  and  since  ini¬ 
tially,  i.e.  prior  to  cable  immersion  in  water, 
tan^d^O,  therefore,  also  initially 


2.  Negative  tan6j  obtained  in  measurements  is  prov¬ 
able  mathemat ically  per  assumed  admittance  diagram. 
It  does  not  imply  power  generation  or  that  the 
cable  is  an  active  device. 

3.  Negative  tan6^  can  occur  only  if  tan  is  fin¬ 
ite  and  positive.  Conditions  for  this  phenomenon 
were  determined  mathematically,  and  appear  to  be 
independent  of  the  test  frequency. 

4.  The  petrolatum  based  filling  compounds  with 
high  immunity  to  water  ingress  will  show  negative 
tanSj  by  measurement  only  after  prolonged  time  of 
immersion  in  water.  Time  to  change  from  positive 
to  negative  value  is  proportional  to  filled  cable 
immunity  to  water . 


International  Wire  &  Cable  Symposium  Proceedings  1982  135 


References 


(1)  G.S.  Eager,  L.  Jachimowicz,  I.  Kolodny  and 
D.E.  Robinson,  "Transmission  Properties  of 
Polyethylene-Insulated  Telephone  Cables  at 
Voice  and  Carrier  Frequencies",  AIEE  Paper 
59-778,  1959. 

(2)  S.  Verne,  A. A.  Pinching  and  M.R.  Hagger, 
"Long-Term  Stability  of  Fully-Filled  Cables", 
22nd  International  Wire  &  Cable  Symposium, 
Atlantic  City,  N.J.,  1972. 

(3)  J.A.  Olszewski,  "Capacitance  Relationships 
in  Filled  Telephone  Cables  and  Equilibrium 
Predictions  from  Water  Immersion  Tests", 

24th  International  Wire  &  Cable  Symposium, 
Cherry  Hill,  N.J.,  1975. 

(4)  J.A.  Olszewski,  "Immunity  to  Water  of  Foam, 
Foam-Skin  and  Solid  Insulated  Filled  Tele¬ 
phone  Cables",  26th  International  Wire  & 
Cable  Symposium,  Atlantic  City,  N.J.,  1973. 


136  International  Wire  A  Cable  Symposium  Proceedings  1982 


r' 


ADP000555 

TELECOMMUNICATION  CABLES  AND  POWER  FREQUENCY  INDUCTION 


Gustav  Adolf  Pettersson 


Arne  Ernbo 


Retired  from  SWEDISH  ADMINISTRATION  OF 
TELECOMMUNICATIONS 


SIEVERTS  KABELVERK 
SUNDBYBERG  SWEDEN 


Abstract 


In  th-s  paper  the  following  aspects  are  trea¬ 
ted 


a)  the  necessity  to  pay  attention  to  the  earth¬ 
ing  conditions  of  cable  sheaths  or  screening  wires 
when  calculations  are  made  concerning' 

the  current  in  these  conductors  caused 
by  induction  from  power  lines 

usxythe  electromotive  force  (emf)  from 
induction  in  telecommunication  circuits  .  ' 


/ 

l 


s 

’2 
z2 
r  2 


inducing  current,  constant  along  the 
line,  A 

current  in  conductor  2,  A 
=  r^+jxj,  longitudinal  impedance,  ohm/km 
longitudinal  resistance,  ohm/km 


Note: 

r^  =  r^.  +  1 2f  10~4  + 
m  2f  =  500  at  50  Hz 


r,„  ohm/ km 
2Fe 


— >  the  screening  factor  due  to  compensating 
effects  from  sheaths  and  screening  wires^; 

"  Formulae  are  derived  in  the  general  case  when 
a  sheath  or  a  screening  wire  is  terminated  to 
earth  by  arbitrary  impedances.  For  some  special 
terminating  impedances  the  formulae  are  arranged 
for  practical  use.  s 

_ b5  calculation  of  the  screening  factor  of 

armoured  cables,  where  the  longitudinal  impedance 
is  not  constant  along  the  cable, 

—  c)  calculation  of  the  resulting  screening 

factor  from  more  than  one  screening  wire 

d)  measurements  in  the  field  of  propagation  pro¬ 
perties  of  cable  sheaths  or  screening  wiresj 

'■ye)  wave  propagation  along  two  screening  con¬ 
ductors.  , 


r,,  dc  resistance,  ohm/km 

2i  ' 

additional  resistance  due  to  Ibsses  in  the 
armouring,  ohm/km 


*2  =  Xj^+  x^y, longitudinal  reactance,  ohm/km 

x^.  =  intrinsic  reactance,  ohm/km 

Note: 

X2i  =  P  2  •  ^  T  f  .  0-05  .  10  3  ohm/km 

If  there  is  no  armouring  or  if  in  the  ar¬ 
moured  case  i ,  =  0  the  relative  permeability  is 
1 .0  and  at  50  Hz  thus 

x^  =  0.0157  ohm/km 
x^y  extrinsic  reactance,  ohm/km 


--The  mathematical  treatment  of  this  problem  is 
not  difficult.  The  numerical  calculation  is,  how¬ 
ever,  rather  complex. 

Notations  used 

Index  1  is  used  for  the  inducing  line 
Index  2  is  used  for  the  cable  sheath  or  the  scree¬ 
ning  wire 

Index  6  is  used  for  the  exposed  telecommunication 
circuit 

E,  induced  emf  without  screening,  V 

o 

E^j  induced  emf  with  screening,  V 

e,  field  strength  at  the  position  of  conduc¬ 
tor  2,  V/km 

l<r/,'rc  screening  factors,  i.e.  E&2/  Eft 


Note: 

x,  =  2  tt  f  (26.8  +  In  — )  ,  10  4ohm/km 
f  r 

At  50  Hz 

x,  =  314  (22.9  +  In  — L — )10"4  ohm/km 
2y  ~p~ 

Vij  relative  permeability 
Note: 

x2  '  x2y  ID3 
1  2  2  r  r.  T5.05 

At  50  Hz 

x2  "  x2y  .  103 
“2  =  - T577"~ 
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f  frequency,  Hz 

p  resistivity  of  earth,  ohm.m 

r  radius  of  conductor  2,  mm 

y^  leakance  to  earth,  ohm/km 

'i  ^  propagation  constant 

Note: 

'i2  =  'I  (r2  +  ix2)  y2* 

l2  characteristic  impedance,  ohm 

Note: 


z^2  mutual  impedance,  ohm/km 

z16  mutual  impedance,  ohm/km 

z.,£  mutual  impedance,  ohm/km 

l_2  Length  of  conductor  2,  km 

L>  length  of  conductor  6,  km 

0,  x,  a,  b,  Lj  coordinates  along  conductor  2,  km 

Z,  terminating  impedance  to  earth  for  conductor 

0  2  at  x  =  0 

Z,  terminating  impedance  to  earth  for  conductor 

“X2  2  at  x  =  L-, 

Note: 

In  the  chapter  "Screening  wires"  some  other 
notations  are  used. 


If  there  is  no  screening  effect 

E6  =  Vl6L2 

The  screening  factor  is 


If  conductor  2  is  a  cable  sheath 
r2i 


i.e.  z26  =  z2  -  r?. 

However,  it  is  not  permitted  under  all  cir¬ 
cumstances  to  make  the  above  introduced  assump¬ 
tions  concerning  the  contact  between  the  screening 
conductor  and  earth.  If  the  screening  conductor  is 
relatively  short  and  when  the  earth  resistivity  is 
high,  the  calculations  must  be  carried  out  in  a 
way  that  takes  the  finite  leakance  into  considera¬ 
tion. 

The  following  system  of  equations  is  then 
used  for  the  determination  of  the  current  i^. 

dv2 

-  Bx~  =  V2  +  1 1 Z1 2 
di2 

"  37"  =  v2y2 

v 2  is  the  potential  of  conductor  2. 

The  solution  of  the  differential  equation 
system  above  is 


Basic  formulae 


The  current  in  a  power  line,  especially  under 
earth  fault  conditions,  induces  in  an  adjacent 
telecommunication  line  an  emf,  proportional  to  the 
current  and  to  the  mutual  impedance.  The  current 
also  causes  a  current  in  conductors,  cable  sheaths 
or  screening  wires  in  contact  with  earth.  This 
latter  current  in  its  turn  induces  an  emf  in  the 
telecommunication  line.  If  it  is  assumed  that  the 
inducing  line,  the  earthed  conductor  and  the 
telecommunication  line  are  parallel  and  that  the 
compensation  conductor  is  in  very  good  contact 
with  earth  or  directly  earthed  at  its  two  ends, 
the  following  equations  are  valid  (see  fig  1). 


0  =  V12  *  i  2Z2 


,  .  11z12z26  . 
E62  ‘  Vl6L2  ’  T1  U2 


As  seen  from  the  equations,  it  is  also  as¬ 
sumed  that  the  conductors  2  and  6  are  of  the  same 
length 


V  -V  Ziz'i 

i,  Me  +  B  e  -  — - 

c  z- 


v2  =  -Zj  (A  e 


-Be 


The  constants  A  and  B  are  determined  from  the 
earth  connexion  conditions  at  the  ends  x=o  and 
x=L2-  The  expression  for  i-  in  the  general  case, 
when  the  terminating  impedances  are  Zg  and  ZL 
respectively  is  L2 

Vl2  (.  _  A1  '  2X_  A2  e  2  \ 

72x  z2  \  "  A  ^  A  / 


where 


A  =CZ0-Z2>CZL^-Z2)e 


y  2L2 


“V  2 

A  r  VZL2  ‘  z2)e  *  ZL2(Z0+Z2) 

A  2=  ZL  (Zg-Zj)  -  Zg(ZL  +Z2>e  Y2L2 


-Y2L2 


If  =  and  the  conductor  2  is  in  a  posi¬ 
tion  near  the  telecommunication  line,  the  induced 
emf  is 

E62  =  Vl64  (1  -  ^  > 
z2 


The  emf  induced  by  the  current  ij^  into  the 
telecommunication  circuit  is  '' 


6i . 


26 


J2  ’2x 


dx 
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Table  1  shows  Tor  the  cases  indicated  below 

expressions  for  i_  and  . 

2x  61- 


Case  1  Zn  =  0  Z,  =  “ 


Case  2  Zn  =  "  Z.  =  “ 

u  l2 

Case  3  ZQ  =  Zz  ZL  =  “ 

Case  4  ZQ  =  Z2  lL  -  l2 


Case  5  ZQ  =  Z2  ZL  =  0 

Case  6  Z_  =  0  Z.  =0 
u  l2 

For  other  cases  the  general  formulae  for  i2 
and  E, .  can  be  used.  x 

61 2 

The  total  induction  from  line  1  and  conductor 
2  in  the  telecommunication  circuit,  the  induction 
being  expressed  as  an  emf,  is 

E62  =  E6  +  E6i2 

If  the  screening  conductor  and  the  exposed 
line  have  the  same  length  the  screening  factor  can 
be  written  as  follows  in  the  six  cases. 


krc  =  kr  +  -zpJT2  t9h  ^2L2 


u  .  2  26  t-,h  2  2 

r  V  r~  t9h  - 

r  z2  y  l2  2 


Case  2 


Case  3 


r  Vh  [ 


k  =  k 

rc 


k  =  k  +  -Zz— — 
rc  r  z2i2l2 

Case  5 


(coshY2L2-2)+ll 


k  =  k 


2z?|2l2 


-  V  2l_2 

<1  -  e  ) 


"  1|2*'2 
(1  -  e  £  z) 


k  =  k 

rc  r 


Table  1 


Case  1  . 

i  - .  iifii/i . coshY2*  i 
2*  *2  l  coshY2L2 J 

S  •  -  **v*) 


sinhY2x  +sinhY2(L2-x) 


sinhYjLj 


’lz12z26 


’lz12  f  -72L2 

i2x  =  -  -T—  jl  -  e  sinhY2(L2-x)-e 

P  .  1 1  zi2z26  f,  i  r-v 

6i2  z2  ^ 2  “»2  L6 


-Y2CL2-x 


1 1Z12Z26 


(coshY-L,-2)+1 
c  c 


i  z  ”  '  2*  ~  Vx 

XX  n  -  iXXXjX  , 

z2  5 


r  11Z12Z26  /,  1-e  121-2  \ 

e6i2--  *t\l2-  -  -  2-  -  j 

CaSe  5  Vl2  /  ’***  V  +  “V  \ 

^  ^rH1*  -e~r-  ) 

c  1 1 z  1 2 z 26 /l_ 0  1  -  e  ^ 

«2  "  ‘  ‘  ) 


E*’2  = 


Case  6 


c  Vl2z26  L, 

E6i2-- 

If  the  lengths  l_2  and  L,  are  not  equal,  the 
induced  emf  in  the  conductor  6  can  be  calculated 
by  using  the  formulae  under  figure  2.  The  expres¬ 
sions  for  i2x  are  given  in  the  basic  formulae. 

Unarmoured  cables 

As  an  example  a  cable  (type  1)  with  a  diame¬ 
ter  under  lead  of  5?  mm  and  a  lead  thickness  of  2.5 
mm  is  chosen.  The  longitudinal  resistance  r,.  of 
the  sheath  is  then  0.45  ohm/km  and  r?  isZb.50 
ohm/km.  The  longitudinal  reactance  is  xZ=  j  0.77 
ohm/km.  The  mutual  impedance  to  the  telecommunica¬ 
tion  circuit  is  z_,=0.05+j  0.77  ohm/km.  The  cable 
length  is  10  km.  fhe  leakance  values  are  chosen  in 
the  interval  0-1  mho/km.  The  propagation  coeffi¬ 
cient  is 

Y  2  =  0.22+j  0.21  Vkm  for  y2  =  0.1  mho/km. 

As  seen  from  the  first  chapter  of  the  paper 

the  current  i,  can  be  written 
2x 
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For  the  Cases  1,  2,  and  4  (mentioned  before) 
the  function  F  C x )  is  calculated  for  y^  =  0.1 
mho/km.  The  result  is  found  in  figure  3. 


The  screening  factor  k  has  been  calculated 
for  two  cases  (1  and  2)  as  a  function  of  the  lea- 
kance  y ^ ,  when  y^  varies  between  0  and  1  mho/km. 
The  result  is  found  in  figure  4.  A  comparison  with 

the  k  value  shows  that  the  ratio  k  :k  in  . 

r  rc  r  Case  1 

has  values  between  2.05  and  1.14,  while  in  Case  2 
the  corresponding  values  are  2.05  and  1.29  re¬ 
spectively. 

It  is  fully  evident  that  it  is  necessary  to 
make  the  calculations  of  the  screening  effects  in 
such  a  manner  that  the  earhting  conditions  of  the 
cable  sheath  are  taken  into  consideration. 

Armoured  cables 

The  calculation  of  the  screening  factor  for 
unarmoured  cables  is  made  under  the  assumption 
that  the  longitudinal  impedance  of  the  cable 
sheath  is  constant  along  the  cable.  For  armoured 
cables  which  are  so  arranged  that  the  current  in 
the  sheath  is  not  constant  the  impedance  varies  as 
it  depends  on  the  current.  This  fact  means  a  com¬ 
plication  of  the  calculation.  In  this  part  of  the 
paper  we  show  how  such  a  calculation  can  be 
fulfilled. 

As  an  example  we  choose  a  cable  with  a  lead 
sheath  and  armouring,  which  has  a  screening  factor 
shown  in  figure  5.  The  diameter  under  lead  is  16 
mm  and  the  thickness  of  the  lead  is  1.6  mm.  The 
armouring  consists  of  two  tapes  20x0.5  mm.  The 
cable  type  is  designated  2  in  this  paper.  The  r?x? 
loop  shown  in  figure  6  satisfies  the  kr  curve  in 
figure  5.  Figure  7  shows  the  dependence  of  r^and 
x?  on  the  current  i?,  which  varies  with  the  field 
stength  as  indicated  in  figure  5.  The  calculation 
is  made  for  two  field  strengths,  300  and  160  V/ km. 
At  the  latter  field  strength  k  has  its  minimum. 
The  cable  length  is  supposed  to  be  5  km.  The 
sheath  is  directly  earthed  at  one  end  of  the  cable 
(coordinate  x=01  and  insulated  from  earth  at  the 
other  end  (x=5) . 

As  a  first  step  in  the  calculation  procedure 
the  current  curve  is  derived  as  shown  in  the 
previous  chapter  for  the  following  two  cases  with 
constant  values  of  z,  and  a  leakance  y,  =  0.1 


Co-  e  =300Wkm 

ordi- 

e?=160 

V/km 

nate 

’2 

z2 

1 2 

z2 

km  A 

ohm/  km 

A 

ohm/ km 

0.5  45 

4+j  5.5 

18.8 

6.0+j  6.1 

1.5  44 

4+j  5.5 

18.4 

6.1+)  6.1 

2.5  41 

4.1+j  5.7 

17.4 

6.1+j  5.9 

3.5  32 

4.8+)  6.0 

14.0 

5.7+i  4-4 

4.5  16 

6.1+)  5.5 

7.5 

3.3+j  2.1 

The  cable  is  now  divided  ir  five  elements 

each  of  1  km 

length  as 

indicated  in  figure  9. 

The  currents  in 

the  elements  are  derived  by 

iterated  current  division  and  by  use  of  the  impe- 

dance  values 

shown  above.  New 

curves  are  calcuta- 

ted  and  the  result  can 

be  seen 

in  figure  8,  curves 

3  and  4,  and 

in  the  following 

two  tables. 

Field 

strength  300  V/km 

Coordi¬ 

nate 

’  2 

z26 

X 

n2Re 

1 21m 

km 

A 

A 

ohm/km 

0.5 

-28.2 

j  34.3 

1 .75+)  5.5 

1.5 

-28.0 

j  31.5 

1.85+j  5.6 

2.5 

-26.0 

j  26.0 

2.15+j  5.8 

3.5 

-21.5 

j  17.5 

2 .95  +  )  6.1 

4.5 

-12.0 

j  7.0 

3.75+j  4.3 

Field  strength  160  V/km 
Coordi-  i- 


nate 

'  2 

26 

X 

1 2Re 

1  2  Im 

km 

A 

A 

ohm/ km 

0.5 

-14.0 

j  13.0 

3.75+j  6.1 

1.5 

-14.0 

j  12.5 

3.75+j  6.1 

2.5 

-14.2 

j  10.5 

3 .85+ j  5.9 

3.5 

-15.2 

j  7.5 

3.85+j  5.8 

4.5 

-  7.0 

j  3.0 

1 .05+j  2.2 

The 

screening 

factor  can 

be  written 

correction  for  the  non  constant  current  and  for 
the  varying  longitudinal  impedance  of  the  sheath) 


5e2+I*26  (12Re^W 


mho /km. 

c  c 

K 

rc 

e2 

V/km 

z2 

ohm/km 

i^  =  F(x) 

A 

at  e 

300 

160 

4+j  5.5 
4+j  6.1 

Curve  1  figure  8 

Curve  2  "- 

k 

rc 

The 

found 

following 

currents  and  impedances  are 

at  e 

k 

rc 

‘26  N,2Re  J  2lm' 
5e, 


It  is  found 


.  _  1 500-896+ j  392  .  .. 
rc  "  — mo - 0-48 


800-495+)  189 
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For  the  field  strengths  in  question  k^  is 
0.33  and  0.26  respectively. 


When  comparing  the  two  values  given  above  one 
must  observe  that  the  compensating  current  dec¬ 
reases  more  slowly  to  the  insulated  end  of  the 
cable  sheath  if  the  field  strength  is  160  V/km 
than  in  the  case  when  e^  is  300  V/km  as  can  be  seen 
from  figure  10. 


In  the  chapter  "Unarmoured  cables"  a  formula 
is  given  for  the  calculation  of  k  ,  when  constant 
z2  values  are  assumed  and  when  tVie  end  conditions 
are  the  same  as  in  the  examples  above. 

krc  =  72  <z2  '  z26  tgh>2U 


It  is  assumed  that  there  is  no  interaction 
from,  for  instance,  a  cable  sheath.  If  there  is  a 
bundle  of  screening  wires  the  calculation  of  the 
screening  effect  can  be  made  in  the  following  man¬ 
ner.  The  assumption  is  made  that  the  wires  are 
exposed  to  the  same  emf.  See  figure  11. 


Three  conductors  are  considered  with  the  self 
impedances  z,,  zK  and  z ,.  The  mutual  impedances 
are  z  .  z 


.zab',  ~.ac 

are  V  kbV 


— a  z^_  respectively.  The  currents 


and  z. 

and  k  t  . 
c  a 


The  three  conductors  are  replaced  by  one  con¬ 
ductor  in  which  flows  the  current  i  +  k.i  +k  i  and 

|  b  a  c  a 

having  the  longitudinal  impedance  z^. 

The  following  equations  are  valid 


This  formula  gives 


o 

in 

O 

II 

at 

e,  =  300  V/km  and 

rc 

2 

=  0.42 

at 

e,  =  160  V/km 

rc 

2 

Screening  wires 

The  emf  reducing  effects  caused  by  screening 
wires  can  be  calculated  in  the  same  manner  that  is 
used  when  the  compensating  conductor  is  a  cable 
sheath.  In  the  following  it  is  supposed  that  the 
distance  between  the  screening  wire  and  the  ex¬ 
posed  telecommunication  circuit  is  rather  small. 
In  this  case  the  mutual  impedance  between  the  wire 
and  the  circuit  can  be  written 

z,.  =  TT2f  10_4+j2  it f  (12. 98+ In  -2~-  )  10~4ohm/km 
26  fa2 

where  a  is  the  separation  expressed  in  meters. 


At  50  Hz 

z,,  =  0.05  +  j  314  (9.07  +  In  )  10~4  ohm/km 
26  a2 

As  shown  before  the  longitudinal  impedance  of 
the  wire  at  50  Hz  is 

z2  =  r2.+0.05+j0.0157+j314(22.9+ln-^  )10"4  ohm/km 

r 

r  being  the  radius  of  the  screening  wire  in  mm. 


i  (z  +  k,  z  ,+k  z  )  =  z,  (1+k  +k  >i 
aababcac  2  bca 

i  (z  L+'ci.zu+k  z.)  =  zt  (l+k.+k  )i 
aabbbcbc  2  bca 

i  (z  +k.  z,  +k  z  )  =  zt  (1+k,+k  )i 
aacbbccc  2  bca 

To  be  solved  from  the  equations  are  kb,kc  and  z2 


kb  = 


kc  " 


The  solution  is 
A  b 

6  c 


zab+kbzb+kczbc 


where 

6  =  (z.-z  .  )(z  -z  ) 
b  ab  c  ac 


(z.  -z  ,  )  (z.  -z  ) 
be  ab  be  ac 


6  k=  (z.-z,.  )  (z  -z  )  -  (z, 
b  a  ab  c  ac  a 


zacHzbc'zac> 


A  =  (z.-z  ,)(z  -z.  )  -  (z,  -z  .  )  (z 


b  ab  a  ac 


be  ab 


ab 


If  the  three  conductors  are  arranged  in  an 

equilateral  triangle  and  if  z  =  z.  =  z 

a  o  c 


k,  =  k  =1 
b  c 


The  term  j  0 .01 57  represents  the  intrinsic 
impedance  of  the  screening  wire  of  for  instance 
copper  with  u2  =  1 . 

Thus  the  screening  factor  at  50  Hz  is,  if 
only  one  compensating  conductor  is  assumed 


z  +2z  u 
a  ab 


If  the  conductors  are  arranged  so  that  zab  = 

z,  and  if  z  =  z,  =  z  (see  figure  12). 
be  a  b  c 


z,-z,,  r,.+j0,45+j628  10  4ln  — 

k  =  c  co  _  ci  a 

r  z2  r2.+0.05+j  0 .73+ j 314  10_4ln 

r 

For  example  a  100  mm2  copper  wire  gives  the 
following  screening  factors,  P=  2500  ohm.m 

Distance  1  m  0.4  m  0.2  m 
kr  0.42  0.36  0.33 


c  a 
kb  -  ~r 


=  i 


z  -2z  ■ +z 

a  ab  ac 


za~zab 


kbza+2zab 

“ 7+TtT - 
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where 


In  the  same  manner  as  the  impedance  z*  a 

mutual  impedance  z*  can  be  derived.  The  following  z  _z  =  j628  io'4ln  £4  =  j0.04  ohm/km 

equation  is  evident  for  three  conductors  a°  ac  0.2 


z  ,*k.z.,+k  z  ,  =  z  -..(l+k.+k  ) 
a6  b  b6  c  c6  26  be 


and  thus 


z  ,+k.  z,  ,+k  z  , 
a6  b  b6  c  co 


26  T+ir+ir~ 

b  c 


(see  figure  13) 


The  screening  factor  caused  by  the  bundle  of 
conductors  is 


k  =  1  -- 


26 


For  two  conductors  .s  easily  found  that 


k  = 


z  -z  .=  0.22+j0.24  ohm/km 
a  ab 

and  thus 

,  -  ,  .  j0.04 

*b  '  1  0.?2+f0.24 

=1-0.1  -j0.09  =  0.9  -  j0.09 

2z  +(0.9-j0.09)z 
+  _  ab  a 

22 - 2.9-70709 - 

.♦  2za6+  (0-’-i0.09)zb6 

z26  279-j"0.09 

The  distance  a-6  =  0.08  m 

Zj  =  0.1 2+  j 0 . 73  ohm/km 


z  z. -z2 
a  b  ab 

TTz7=7? 
a  b 


ab 


and 


z26  = 


z  ,+kz.  , 
a6  b6 

T+F~ 


+ 


0.03+j0.64  ohm/km 


,  0.09+j0.09 

r  =  TT7T2+3  "U  .73 


0.1? 


Measurements  of  propagation  properties 


As  a  calculation  example  we  choose  three 
cases  where  the  compensating  conductors  are  of 
copper  with  a  diameter  of  10  mm,  the  cross  section 
area  being  78.5  mm  and  the  intrinsic  resistance 
0.22  ohm.  The  conductors  are  arranged  as  indicated 
in  figure  14.  The  earth  -esistivity  is  2500  ohm.m. 


Method  a:  In  series  with  a  resistance  R  over  a 
break  "in  the  cable  sheath  (or  the  screening  wire) 
an  emf  E  is  applied.  At  a  distance  of  about  1  km 
from  the  cable  an  earthing  (1)  is  arranged.  The 
following  potentials  and  voltages  are  measured  (see 
figures  15,16,  and  17). 


Case 

za  “ 

za6 

k  = 

r 

Case 

+ 

Z2  = 

+ 

z26  = 
za6  = 


1 


0.27+j0.87  ohm/km 
0.05+j0.63  ohm/km 
1  0.22+j  0.24 1 


0.27+j0.87 


=  0.36 


=  0.16+j0.75  ohm/km 


2  ,  +  t.  , 

a6  b6 


k  = 
r 


- 2 - a6 

=  0.05+j0.62  ohm/km 

The  distance  a-6  =  |oTo5* m 

0.11+j0.13|=  0.22 
TTT5+y077s| 


P2'  P3'  V  V23' 


and  V 


34. 


The  point  4  along  the  cable  may  be  chosen 
about  1  km  from  the  break. 

The  characteristic  impedance  z^  of  the  sheath 
is 


The  phase  angle  of  this  impedance  is  deter¬ 
mined  by  the  expression 


cos  6  = 
Thus 


P2  +  V2  -  P2 
P3  V23  P  2 

2V23P3 


?3 

z7  -  —  (cos  t}j  +jsin  $  >  ohm 
i  2 


Case  3 


The  factor  k.  can  be  written  (k  =  1) 
b  c 


2  .  -Z 

ku  =  i  -  -ii-il. 

b  z«.  "zab 


The  potential  P^  can  be  written 

P  -  p  -C  a+j  B  )l 

P4  ‘  P3e 

if  l  is  the  length  of  cable  between  the  points  3  and 

4. 
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The  attenuation  %|  is  directly  determined  as 


-1  =  -J-  In 


P3 


jneper/km 


The  phase  angle  between  the  potentials  P^  and 


P^  is  determined  by  the  expression 


cost 


P2  +  P2  -  V2 
P3  w4  *34 

*7i 


Thus 

ft =  1  £L  radians/km 
l  1 

If  there  is  interference  from  power  installa¬ 
tions  the  measurements  can  be  carried  out  with  a 
frequency  somewhat  deviating  from  the  power  line 
frequency.  A  frequency  selective  voltmeter  must 
then  be  used. 


The  angle  between  the  potentials  P,  and  P^  is 
■l1  1  determined  by  s 


cos  4^  = 


P2  +  P2  .  v2 

P3  P4  v34 
2P3P4 


and  as  with  method  a 

.  IP,  I 


a=  -  In 
l  k4 


and 


6  =  —  4  .  radians/km 
l 


If  the  measurement  is  made  with  direct 
current 


The  current 


'23 


’2 


is  determined  as 


By  using  a  current  transformer  (CT)  a  check 
can  be  made  that  V^j/R  ’s  eciual  to  i^- 

It  is  necessary  to  introduce  a  series  emf  E 
as  shown  in  figure  15,  since  in  this  case  the  con¬ 
ditions  correspond  to  those  which  exist  in  the 
induction  case.  It  is  thus  not  permitted  to 
arrange  a  remote  earthing  and  apply  an  emf  between 
this  earthing  and  the  cable.  The  current  propaga¬ 
tion  along  the  cable  in  this  latter  case  is  quite 
different  from  the  propagation  that  is  valid  in 
the  series  emf  case. 


Method  b:  In  this  case  there  is  no  break  in 
the  cable  sheath  (or  on  the  screening  wire). 


and  thus 
1 


y?  = 


7r 


2i 


(in  J-  >2 
k4 


for  one  conductor. 


For  two  conductors  in  parallel  (each  with  the 
resistance  r. 


2i 


2i ) 

P3  2 
(in 


and  for  three  conductors 

P, 


+  3 

y2  '  77 


(In  ~)2 
l>2i  P* 


Observe  that  the  potentials  P^  anj  P^  are  not 
the  same  in  the  three  cases. 


Fig  18  shows  the  measuring  arrangement. 


In  this  case  the  phase  angle  (  4-,)  between 
the  currents  i  and  ij  must  be  determined. 

This  angle  is  given  by  (see  fig  19) 


.  2 


'1-1 


2ii. 


The  angle  4j  between  Pj  and  V^j  is  deter¬ 
mined  by 


cos4>3  = 


P2  +  v2  .  p2 
P3  *23  P2 

2V23P3 


and  thus  =  9  j  ♦  9  j 


■ftl 


(cos  4  +  jsin  0 ) 


Short  discussion  concerning  wave  propagation 
and  two  interacting  earthed  conductors 

This  part  is  incl>..'  d  in  the  paper  in  order 
to  show  the  difficulties  /hich  meet  the  engineer, 
who  has  to  solve  this  special  situation.  By  using 
a  computer,  however,  it  seems  that  the  problem  can 
be  treated. 

A  system  of  differential  equations  of  the 
following  type  can  be  derived 


dv 

-7/  = 

1 2Z2  +  Sz23  +  Vl2 

di2 

'  ST  ~ 

v2(y2+y23’  ”v3y23 

dv 

i  2Z23  +  V3  +  Vl2 

di3 

"  w  ~ 

-  v2y23  +  v3(y3+y23> 
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The  two  conductors  are  both  exposed  to  the 
same  induced  emf  i^z^j 

The  characteristic  equation  has  two  pairs  of 
roots  -  '  2  anC*  ”  3 

The  two  currents  i,  and  i,  can  be  written 
2x  3x 

i  ,x  ->,x  ->,x  -i,x_ 

i-  =  A.e  rA,e  +A,e  3  i+A,e 
2x  1  2  3  4 


' 2X  —  ~ ' 2*  D  ' 3X  _  ” ' 3* 

-  B„e  +Bne  B,e  +B,e 
3x  1  2  3  4 


z2-z23 

'  Vl2  - - T 


The  expressions  for  the  voltages  do  not  con¬ 
tain  the  last  terms  of  the  equations  above.  For 
example 

ipx  -i-x  t  x  -  >,x 
v2x  =  C1  e  +C2e  +C3e  +C4e 


As  all  the  constants  A,  B,  and  C  must  be 
independent  of  x,  a  relation  between  the  various 
constants  can  be  found.  The  values  of  the 
constants  depend  on  the  terminal  conditions  of  the 
two  conductors. 
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ty  of 


s  300  V/km^ 

^2  varies  with 
current  from 
Curve  1 


=  constant  =  5-5 

\  chm/km 


e-  a  160  V/km 

2,  varies  with  current  from 


e  =  IftO  V/k 


1  .0  2.0  3.0  4.0  5.0 


e2  s  160  V/km 
z,  *  constant  - 


6.0  ♦  6.1  ohm/km 


Figure  10.  Relative  variation  of  sheath  current 

along  caDle  (from  curves  3  and  U,  Figure  8.) 


Cable  sheath  directly 
earthed  at  x=0  anc  insulated 
from  earth  at  x=5 


Coordinate 

figure  8.  Current  variation  along  cable 
CaDle  type  2  - 


e>gure  11.  Three  screemrg  •  ’'■es 
replaced  by  one. 


a  b  c 

•  •  • 


a  ^  c 

•  • 


Figure  12.  Arrangement  of 
screening  wires 


Figure  9.  Cable  length  divided  in  1  km  elements 


Figure  13,  Arrangement  of 
screening  wires 
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Case  1 


Case  2 


Case  3 


The  distance  a-o  =  o~c  is  0.2  * 
The  distance  a-c  is  O.a  * 


Figure  1^.  Arrangement  of  screening  *ires. 


•nethoa  a. 


Figure  17.  Vector  a*agram  for  *'g.  15. 
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ABSTRACT 


Physically  Aligned  Splices 


A  fiber  optic  connection  system  based  on  the 
precise  alignment  of  the  fiber  core  is  de¬ 
scribed.  The  system  has  the  following  fea¬ 
tures  ; 

. 

— ^  a )  optical  power  is  launched  into  and  de¬ 
tected  from  macrobends  in  the  fibers  to 
be  spliced;  s 

N~"s  b)  the  fibers  are  moved  relative  to  one  an¬ 
other  until  the  optimum  optical  power  ie. 
alignment  is  obtained;  /A  . 

c)  the  fibers  are  locked  in  the  aligned  po¬ 
sition  by  means  of  an  ultraviolet  poly¬ 
merizable  material. 

The  polymerizable  material  serves  the  triple 
function  of  bonding  the  fiber  together,  match¬ 
ing  the  index  of  refraction  to  minimize  Fresnel 
losses  and  providing  environmental  protection. 

Introduction 


All  methods  depend  on  the  cladding  alignment. 
The  loss  of  the  connection  is  therefore  related 
to  the  concentricity  of  the  cores  within  the 
respective  claddings.  Specif ication  gererally 
call  out  a  one  micron  tolerance  on  cladding  die' 
meter  and  a  6%  eccentricity  of  the  core  within 
the  cladding. 

All  methods  rely  on  an  index  matching  medium  to 
minimize  losses.  Mechanical  strength  is  pro¬ 
vided  by  mechanical  means  eg.  crimping,  adhe¬ 
sives  or  potting  compounds. 

As  the  use  of  optical  fiber  moves  from  trunk 
and  toll  to  distribution  plant,  larger  numbers 
of  fibers  will  be  encountered.  It  is  likely 
that  some  form  of  factory  pro- termination  will 
result.  Pre-termination  will  allow  near  per¬ 
fect  preparation  of  the  fiber  ends  through 
polishing  and  similar  methods  and  will  favor  a 
mechanical  rather  than  a  fusion  splice.  Ad¬ 
ditionally,  the  buffer  may  be  left  on  the 
cladding  up  to  the  fiber  end. 


The  two  dominant  splicing  methods  used  in  the 
world  today  are  fusion  splicing  and  physical 
positioning  of  the  fiber  within  an  alignment 
medium  e.g.  "V  grooves".  The  strengths  and 
weaknesses  of  the  systems  are  well  known.  The 
methods  are  described  in  outline  form  here. 

Fusion  Splicing 

Fusion  splicing  is  a  widely  accepted  means  of 
connecting  optical  fibers  in  the  field.  The 
technique  usually  utilizes  manual  manipulation 
of  the  fiber  under  magnification  to  position 
the  fiber  ends.  When  aligned  the  fiber  ends  are 
fused  by  the  application  of  an  electric  arc. 
Surface  tension  effects  enhance  the  alignment. 

Provided  the  fiber  ends  are  well  cleaned,  free 
of  impurities,  well  aligned  and  carefully  fused 
high  quality  splices  result.  However,  the  fused 
splice  is  mechanically  weak  and  requires  envi¬ 
ronmental  protection  and  support  by  mechanical 
means,  potting,  heat  shrink  tubing,  etc-  Add¬ 
itional  problems  can  be  foreseen  when  fiber  of 
slightly  different  chemical  compositions  f**om 
different  suppliers  are  required  to  be  held  to¬ 
gether. 


As  the  use  of  fibers  increases  the  need  for  re¬ 
pairing  damaged  fiber  will  increase.  A  fast 
convenient  method  that  could  be  used  in  an 
underground  environment  would  be  advantageous. 

There  is  obviously  a  need  for  a  fast,  reliable 
splicing  means  that  is  versatile  enough  to  join 
field  prepared  fibers  or  factory  prepared 
fibers  when  the  repair  has  *o  be  performed  in 
an  underground  environment. 

Robotic  Splicing 

A  new  robotic  splicing  method  based  on  the  fol¬ 
lowing  principles  is  described: 

a)  optical  power  is  launched  into  and  de¬ 
tected  from  macrobends  in  the  fibers  to 
be  spliced; 

b)  the  fibers  are  moved  relative  to  one  an¬ 
other  until  the  optimum  optical  power  ie. 
alignment  is  obtained; 

c)  the  fibers  are  locked  in  the  aliqned  po¬ 
sition  b'4  means  of  an  ultraviolet  poly¬ 
merizable  material. 
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Fiber  alignment  can  be  accomplished  most  ac¬ 
curately  by  finding  the  maximum  power  trans¬ 
mission  through  the  joint.  This  method  is  usu¬ 
ally  cumbersome  however,  since  the  optical 
power  source  must  be  distant  from  the  site  of 
the  splice.  The  robot  launches  power  into  the 
core  of  the  fiber  adjacent  to  the  fiber  ends 
through  a  bend  in  the  fibers.  A  LED  is  used  to 
launch  the  power  into  the  core  at  the  macrobend. 
This  system  is  shown  in  figure  1.  The  launching 
of  optical  power  is  accomplished  through  the 
buffer  material. 

Splicing 


The  optical  power  is  detected  at  a  similar  bend¬ 
ing  fixture  at  the  opposite  side  of  the  joint 
by  a  PIN  diode.  The  output  of  the  PIN  diode 
is  amplified,  digitized  and  becomes  the  input 
to  a  self  contained  microprocessor.  The  micro¬ 
processor  output  governs  the  position  of  the 
fibers  by  controlling  the  drive  current  to  2 
voice  coils.  Each  voice  coil  deflects  a  beam 
to  align  the  fibers  within  0.5  microns.  The 
motion  stage  is  schematically  depicted  in 
figure  2. 

Robot  Diagram 


Fiqure  1 

Fiber  Motion  Stage 
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Insufficient  optical  power  can  result  from  an 
improperly  prepared  fiber  end  or  foreign  mat¬ 
erial  at  the  intended  fiber  joint.  Should  the 
optical  power  passing  through  the  joint  be  in¬ 
sufficient  to  align  the  fibers,  the  micro¬ 
processor  will  interrupt  the  program  and  dis¬ 
play  a  reject  instruction  to  the  operator.  In 
this  manner  a  quality  inspection  of  the  joint 
is  provided  before  completion  of  the  joint. 

The  actual  joint  is  secured  by  a  UV  curable, 
polymer  material.  The  polymer  has  been  formu¬ 
lated  so  that,  in  its  liquid  state,  it  may  be 
supplied  in  a  quartz  tube  retained  therin  by 
surface  tension.  The  material  serves  to  ex¬ 
clude  contamination  reaching  the  splice  from  the 
environment.  In  its  cured  state  the  material 
serves  several  functions: 

1.  Matches  the  index  of  refraction  to 
eliminate  fresnel  losses; 

2.  Provides  permanent  positioning  of  the 
fiber  ends; 

3.  Strain  relieves  and  supports  the  joint? 

4.  Environmentally  seals  the  joint  from 
OH  radical  attack; 

5.  Provides  axial  load  carrying  capacity 
of  at  least  2i  pounds. 

It  is  not  necessary  that  the  fibers  be  stripped 
of  buffer  material  since  the  encapsulation  of 
the  fibers  in  the  material  forms  the  joint. 

The  only  reason  that  the  buffer  material  xs 
currently  removed  is  to  allow  cleaving  of  the 
fiber  ends.  Were  the  ends  of  the  fibers  pre¬ 
pared  by  alternate  means,  such  as  factory 
grinding  and  polishing,  robotic  splicing  would 
equal  the  time  cycle  achieved  by  preconnec¬ 
tor  izat  ion  . 

TESTING 

At  the  date  of  this  paper  a  limited  number  of 
tests  have  been  performed  on  splices  made  by  the 
robotic  technique.  Preliminary  results  are 
summarized  in  Table  I,  below: 


TABLE  I 

Test  Results 
Axial  Load  2.51b 
Attenuation  0.3db 


Long  term  testing  of  material  degradation  in  a 
wide  variety  of  environmental  influences  is 
currently  underway. 

CONCLUSION 

A  new  splicing  concept  has  been  described  that 
should  be  suitable  for  use  in  underground  en¬ 
vironment  for  initial  installation  and  repair 
on  field  and  factory  prepared  fiber  ends. 


The  method  ensures  fast,  reliable  core  alignment 
coupled  with  low  losses  and  mechanical  and  en¬ 
vironmental  protection. 
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ON  NEW  CABLE  ACCESSORIES  FOR  OPTICAL  FIBER  CABLE  SYSTEM 


M.  Haraguchi ,  Y.  Asano,  Y.  Tokumaru,  T.  Seike 
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(  Sumitomo  Electric  Industries 

Attract 

Recently,  the  optical  fiber  cable  system  has 
been  utilized  for  telephone  system  in  many 
countries.  Terefore,  it  is  getting  very  impor¬ 
tant  to  develop  soon  new  cable  accessories  for 
the  above  system. 

We  have  developed  the  jointing  closures  and 
the  gas  blocks  with  air-tightness,  the  tools  for 
fusion  splice  with  good  operatability ,  the  pro¬ 
tection  sleeve  for  fusion  splice  with  high  re¬ 
liability,  and  others  with  economical  cost. 

This  paper  describes  the  idea  of  design, 
the  results  of  performance  testing,  and  the  actu¬ 
al  results  about  the  jointing  closures,  the  ter¬ 
mination  boxes,  and  the  gas  blocks  from  anong 
our  new  products  shown  above.  These  results 
comfirmed  us  that  our  new  products  can  be  in¬ 
stalled  practically  in  many  countries,*.  \ 

l  .  Introduction 

As  the  optical  fiber  cable  systems  are  now 
applied  to  various  kinds  of  fields, their  cable 
accessories  are  too  various.  We  have  developed 
and  produced  many  kinds  of  the  cable  accessories 
for  above  systems. 

In  Japan,  the  arc-fusion  splice  method  for 
permanent  splice  of  optical  fibers  and  the  heat 
shrinkable  sleeve  method  for  protection  of  the 
splicing  are  popular.  We  have  developed  cutter, 
fusion  splice  machine  and  fiber  protection  sleeve, 
and  reported  their  resul ts. I  1 H ^  3) 

In  this  paper,  the  gas  block,  the  jointing 
closure,  and  the  jointing  or  termination  box  are 


Ltd.,  Yokohama,  Japan 

described.  The  typical  arrangement  of  those  cable 
accesseries  is  shown  in  Fig.l.  In  the  development 
of  the  above  ones,  there  are  several  considerable 
points  for  the  treatment  of  the  optical  fibers. 

We  have  aimed  at  overcoming  the  targets  shown 
below  to  develop: 

(1)  Small  size  and  light  weigh. 

(2)  Available  in  any  environmental  conditions, 

(3)  Easy  to  operate 

(4)  Economical 

2.  Gas  block 

2.1.  Fundamental  considerations 

In  the  development  of  the  gas  block  for  opti¬ 
cal  fiber  cable,  it  should  be  considered  that  the 
inner  strain  is  loaded  on  the  optical  fibers  in  the 
gas  block,  and  it  causes  the  optical  loss  increase 
and  the  break  of  the  optical  fiber.  We  have  no 
trouble  with  regard  to  the  gas  tightness  to  utilize 
the  technique  of  the  present  copper  cable  gas 
block. 

Prior  to  development,  we  took  the  three  models 
shown  in  Fig. 2  into  consideration.  Model  1  has 
the  structure  that  the  epoxy  resin  developed  by  us 
is  molded  around  the  optical  fibers.  When  the 
model  1  is  placed  in  the  cold  atmosphere,  it  causes 
the  optical  loss  increase.  Model  2  and  3  are 
improved  on  the  model  1.  The  model  2  is  reinforced 
by  the  compression  member  in  the  epoxy  resin  for 
the  prevention  of  the  loss  increase.  In  the  mode] 

3,  the  epoxy  putty  mixed  the  inorganic  filler  is 
molded  around  the  optical  fibers  for  the  prevention 
of  the  loss  increase. 


j 

I 

1. 


Gas  block  with  connector  ^Jointing  box 


Bo 


Jointing  Gas  block 

cr ..  i 


Indoor 


Optical  fiber  cable 
Outdoor 


Termination  box 


Optical  fiber 
cord  with 
connecter 


I ndoor 


Fig.  1  Typical  arrangement,  of  optical  fiber  cable  accessories 
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Optical  fiber 
/ 


a)  Model  1 


Compression  member 


Metal ic  conductor 


b)  Model  2 


Epoxy  putty 


cl  Model  3 


Fig.  2  Models  of  gas  block 

The  temperature  dependence  of  the  loss  in¬ 
crease  in  model  1,  2  and  3  shown  in  Fig. 3.  The 
cable  used  in  the  test  is  12  fibers  cable  with  LAP 
sheath.  We  think  the  loss  increase  is  caused  by 
the  micro  bending  ,  which  is  caused  by  the  com¬ 
pressed  deformation  of  the  molding  compound  in  the 
cold  atmosphere. 

So  calculating  simply  the  axially  compressed 
by  F.E.M.,  comparisons  are  made  between  the  cal¬ 
culated  stress  and  the  actual  loss  increase.  The 
conditions  and  results  of  the  calculation  by  F.E.M. 
are  shown  in  Fig. 4,  Table  1  and  Table  2.  The  rela¬ 
tion  between  the  calculated  axcial  stress  and  the 
actual  loss  increase  is  shown  in  Fig. 5.  From  those 
data,  those  points  shown  below  are  made  clear: 

(1)  Loss  increase  is  not  caused  if  the  cal¬ 
culated  axcial  stress  is  kept  under  10 
kg/ mm1 . 

(2)  Position  of  the  optical  fibers  in  compound 
does  not  bring  on  loss  increase. 

(3)  In  the  model  2,  the  stable  gas  block  in¬ 
dependent  of  the  ambient  temperature  is 
obtained  by  adding  adequately  the  com¬ 
pression  members  in  the  molding  compound. 

(4)  In  the  model  3,  the  stable  gas  block  is 
obtained  by  molding  the  epoxy  putty  rein¬ 
forced  the  inorganic  filler  arourd  the 
optical  fibers. 


0  0.5  1.0 

loss  increase  (d  R  ) 


Fig.  3  Temperature  dependence  of  Joss  increase 
in  gas  block  model  1,2  and  3. 


JC9  3?9  339  .H9  369  399  399 

Orntrr  of  gas  block 
Fig. 4  Grid  No.  of  divisi on  in  F.E.M. 
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r- -nature  it: 


:■  :ra;  re  testing  and  the  results 

"V'v>  .  2  ani  ?  ur~  .shown  in  Table  3. 
as  pressure  is  i  kg/' err  at  room  ten- 
*Le  p.'-rh,  -r^ancf  testi.g.  The  cables 
*  -*s  t :  ng  are  as  fall  >ws  . 


X-viH  2: 

c  '  f.hers  an  :  4  fuad.-s  rabie  w-dth  sheath 

30  :  ibers  ar.j  4  q  .ads  cable  wrr.  LA?  ahoofh 

'  2  fibers  and  4  quads  cable  with  l.AP  sheath 

3; 

1?  fibers  cable  with  LAP  sheath 
2  fibers  cab  i  ■  with  LAP  sheath 

y-'r  the  an*  i -inpact. ,  the  buffer  layer  on  the 

•  >u*side  of  *  he  molding  compound  is  made  in  the 

*  es * l ng  gas  block. 


2 .  \  Applications 


The  standard  gas  block  is  shown  in  Photo  1 . 
The  gas  block  with  the  gas  valve  and  the  nult:- 
branched  one  with  optical  connectors ar«  some  of  the 
applications.  The  gas  block  with  *:v?  optical 
connectors  is  shown  in  Photo  2,  This  gas  block 
with  the  flange  for  jointing  the  ropeat.or  housing 
are  applied  to  the  stub  cable  wi  •;h  gas  block. 


4* 

Photo  2.  C as  b  r _  k  with  connectors 
Pi  a  me  ter  :  20  nr. 

Length  :  120  nr. 

3.  Jointing  closure 

1  n  j  :> i r.t  i ng  c  1  osure  f or  op t i ca I  f i her  cables, 
we  have  developed  heat-shrinkable  jointing  1  csur-.- 
•  HJO)  and  mechanical  jointing  closure  «'  MJC • .  H2C 
is  utilized  for  jelly-filled  optical  fiber  cable." 
In  this  paper,  MJC  for  the  gas  pressur:  sat :  or. 
sysrerr.  is  described. 

3.1  F u nd a r . e n  t a  1  c or. s ;  d »•- r a  t  i  •'  r.  s 


3.1.1.  Structure 


The  size  of  the  jointing  closure  for  tr.e  op¬ 
tical  fiber  cable  is  large,  because  if  is  necessary 
to  wind  the  spare  length  for  splice  around  a 
bobbin.' In  consideration  of  the  handiabi 1 ; ty . 
the  closure  composed  of  one  outer  sleeve  ar.-i  rw* 
holders  on  th**  both  ends  of  the  sleeve  .?  'k  wn  ;r. 

F  i  g .  6 . 

The  features  of MJC  are  shown  below: 

!!)  Holders  are  separated  type,  das-*  igr?  r.v-sn 
is  obtained  by  adhesive  sealing  tape  ;>r 
cord  set  among  the  outer  sleeve,  the 
holders  and  the  cable  sdeafh.  They  ^re¬ 
assembled  with  eight  bolts. 

(2)  Cable  gripping  force  is  obtained  with 

screw  on  the  inner  surface  of  cable  grip.-?. 
The  relation  between  the  cable  gripping 
force  and  the  sticking  depth  of  screw  is 
shown  in  Fig. 7.  We  made  the  tensile 
strength  of  the  aluminium  tape  of  LAP 
sheath  the  minimum  carle  gripping  force. 
The  minimum  force  is  IOC  kg  in  12  fibers 
cable  with  LAP  sheath,  and  lib  kg  in  35 
fibers  cable.  Therefore,  the  sticking 
depth  is  required  at  0.35  mm  and  above. 

The  cable  grips  ohnuid  be  permitted  to 
stick  on  the  cable  sheath  as  long  as  the 
optical  fibers  are  not  compressed  lateral¬ 
ly.  Thus  we  decided  the  upper  limit  is 
1.05  mm  from  Fig. 7. 

13)  The  outer  sleeve,  the  holders,  and  the 
sheath  grips  ire  mechanically  assembled. 


| 


Photo  1 .  Standard  gas  block 
(  Diameter  :  65  mn  ^ 
Length  :  450  mm 
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3.1.2.  Selection  of  materials 


In  consideration  of  light  weight  and  availa¬ 
bility  to  any  environmental  conditions,  we  select¬ 
ed  the  materials  and  thought  out  two  models  shown 
below. 

Model  1 : 

The  outer  sleeve  and  the  cable  holders  are 
made  of  aluminium  coated  with  epoxy  resin  . 

The  environment  test  results  of  the  coating 
are  shown  in  Table  4.  The  electric  insula¬ 
tion  of  the  coating  is  shown  in  Fig. 8.  This 
appearance  is  shown  in  Photo  3. 

Table  4.  Environment  test  of  model  1  coating  resin 


Solution  'u  Oil 

— 

Temp. 

Term 

Pesul  t.s 

10c/o  MCI 

GO  °C 

A  year 

!0%  H 

60  °C 

A  year 

10%  CHjCOOH 

60  °C 

A  year 

No  failure 

10  %  NaOH 

60  °C 

A  year 

No  breakage 

10%  Nh  :.-i 

60  °C 

A  year 

at  2k V 

10  %  NaCl 

60  '  0 

A  year 

CHjCC CH; 

.  T . 

A  year 

Water 

j 

60  C 

A  year 

I 

Sea  water 

60  °C 

A  year 

Gasoline 

R.T. 

A  year 

Kerosene 

R.T. 

A  year 

Heavy  oil 

R.T. 

_ 

A  year 

Table  b.  Environment  tost  of  MJC  model  2  material 


solution 

I  **mp  • 

Term 

Change  ratio  of 

tensile  strength 

3%H2SO„ 

R.T. 

A 

year 

0% 

5  %  CH  JC00H 

R.T. 

A 

year 

0.6% 

10  %  NaOH 

R.T. 

A 

year 

-2% 

1 0  %  NH  !0H 

R.T. 

A 

year 

0% 

10  %  NaCl 

R.T. 

A 

year 

2% 

CH  3C0CH ' 

R.T. 

A 

year 

-4% 

Water 

R.T. 

A 

year 

0% 

Gasol  i  n* 

R.T. 

A 

year 

6% 

Immersion  term  (days) 


Fig  8  Volume  resistivity  change  of  coating 
resin  on  mechanical  jointing  closure 
model  1  in  hot  water  (80  C)  immersion 
test. 


Model  2: 

In  consideration  of  anti-corrosion  and  mass 
production  polyacetal  resin  is  selected 
mainly.  The  environment  test  results  of  the 
material  are  shown  in  Table  5.  It  is  not 
suitable  for  strong  acid  atmosphere.  The 
holder  is  made  of  F.R.P.  in  consideration  of 
pressure  strain  on  assembly.  This  appearance 
is  shown  in  Photo  4. 


Photo  3.  MJC  model  1 


Photo  4.  MJC  model  2 
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3.2.  Performance  testing  and  field  results 


The  performance  testing  and  field  results  in 
MJC  model  1  and  2  are  shown  in  Table  6.  The  seal¬ 
ed  gas  pressure  is  1  kg/crrf  at  room  temperature  in 
the  performance  testing.  The  cables  used  in  the 
testing  are  as  follows. 

60  fibers  and  4  quads  cable  with  LAP  sheath 
(outer  diameter  :  25  cm) 

36  fibers  and  4  quads  cable  with  LAP  sheath 
(outer  diameter  :  25  cm) 

12  fibers  and  4  quads  cable  with  LAP  sheath 
(outer  diameter  :  22  cm) 

4.  Jointing  or  termination  box 

We  use  the  box  type  closure  in  the  case  of 
installation  on  the  wall  and  request  of  frequent 
interconnecting. 

4.1.  Design 

4.1.1.  Treatment  of  spare  length  for  splice 

It  is  very  important  to  treat  compactly  the 
spare  length  for  splice  and  to  take  out  easily  a 
certain  spare  length  for  splice.  In  consideration 
of  the  economical  cost,  the  method  of  treating 
spare  length  for  splice  on  simple  plate  is  adopt¬ 
ed,  and  we  thought  out  two  models  shown  below. 

Model  1 : 

Much  spare  length  for  splices  is  compactly 
treated  on  a  plate  shown  in  Fig. 9  a).  It  is 
more  economical . 

Model  2: 

Spare  length  for  a  splice  is  compactly 
treated  on  a  plate,  each  plate  is  independen¬ 
tly  piled  in  the  manner  shown  in  Fig. 9b). 

It  is  easier  to  take  out  a  certain  splice. 

4.1.2.  Outer  honsing 

According  to  installed  environment,  we 
thought  out  two  types  as  follows, 

(1)  Outdoor  type 

As  water  proof  is  required,  rubber  gascket  is 
set  between  housing  and  lid.  In  entrance  of 
cable,  sealing  tape  is  pressed  mechanically ,  or 
epoxy  putty  is  molded.  In  case  of  gas  tightness, 
the  rubber  gascket  is  replaced  with  adhesive 
sealing  cord.  The  outer  housing  is  made  of  stain¬ 
less  steel  in  consideration  of  anti-corrosion. 

(2)  Indoor  type 

Simple  rubber  gascket  is  set  between  housing 
and  lid.  The  ertrance  of  cable  or  cord  is  treated 
by  protection  tape  to  protect  dusts.  It  is  eco¬ 
nomically  made  of  steel  plate. 

4.2.  Performance  testing  and  field  results 

The  performance  testing  and  field  results  in 


ai  Model  1 


b.’'  Mode j  2 

Fig  9  Treatment  of  fiber  spare  length  for 

splice  in  jointing  or  termination  box. 

the  jointing  or  termination  box  are  shown  in  Table 
7. 

4.3.  Applications 

The  termination  box  model  1  of  indoor  type  is 
shown  in  Photo  5.  The  jointing  box  model  2  of 
outdoor  type  with  gas  tightness  is  shown  in  Photo 
6.  As  shown  in  Photo  7,  the  storage  plate  of 
spare  length  is  applicable  to  cord-to-cord  connec¬ 
tion  . 


Photo  5.  Termination  box  model  1  of  indoor  typp 
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5.  Conclusion 


*  - 


Photo  6.  Jointing  box  model  P  of  outdoor 
type  with  gas  tightness 


Photo  7.  Plate  for  use  with  connection 
cor'd-  to-cord 


We  have  developed  the  gas  block,  the  jointing 
closure,  and  the  jointing  or  termination  box  for 
optical  fiber  cable  system.  From  those  results 
described  above,  we  may  conclude  as  follows: 

Gas  block 

(1)  It  is  necessary  t; hat  the  axeial  stress  oi 
fiber  calculated  by  F.E.M.  is  designed  at 
10  kg/ mm"  and  below, 

(2)  Therefore,  we  thought  out  two  methods. 

One  is  to  add  compression  members  in 
molding  compound  (model  2)  and  the  oth'*r 
is  to  mix  filler  in  molding  compound 

( mod  1 e  3 ) . 

(3)  We  take  model  2  in  case  of  fiber  numbers 
not  less  than  12,  and  model  3  in  case  of 
fiber  numbers  not  more  than  12. 

Jointing  closure 

(1)  Model  1  of  aluminium  coated  with  epoxy 
resin  has  excellent  anti-corrosion  and 
can  be  installed  in  any  environment. 

(2)  Model  2  of  plastics  is  light  weight,  and 
can  be  easy  to  install. 

Jointing  or  termination  box 

(1)  The  type  developed  is  compact,  economical 
and  superior  in  hand  lability  to  take  out. 

As  described  above,  we  have  developed  main 
accessories  in  optical  fiber  cable  systems,  and 
can  construct  various  systems  from  high  grad*-  t r ■ 
economical . 


Table  3  Performance  testing  and  fic?ld  results  of  gas  block  model  2  and  3 


!  t.err 

Condition:: 

Resul ts 

Thermal  cycling 

Thermal  cycle  :  -30-+?0*C,  ^cycles  a  day 
Number  of  cycles  :  100  cycles 

No  gas  leakage 

No  loss  increase 

Vibration 

Aropl  i  tude  i  £>rrm 

Frequency  :  10  Hz 

Number  of  cycles  :  106 cycles 

No  gas  leakage 

No  loss  increase 

Pend  i  nt ■ 

[lending  radius  :  6  times  cable  diameter 

Number  of  bending  :  5  times 

No  gas  leakage 

No  loss  increase* 

Weight  :  6.5  kg 

Height  I .3  m 

No  gas  1 eakage 

No  ] oss  i ncrease 

?t.  retching 

Tensile  load  :  ?0(lkg 

No  gas  J  eakage 

No  lass  increase* 

_ 

Water  immerrion 

Temperature  : 

Pepth  :  50  cm 

Term  :  60  days 

No  gas  leakage 

No  loss  increase 

Fie[«i 

gas  pressure  :  ♦  ■60  kg/.-m' 

Torn  :  i  yarn 

No  gas  leakage 

No  loss  increase 

N* .  Twir'-  *  h-iii  ^ .  IdP 
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Table  6  Performance  testing  and  field  results  of  mechanical  jointing  riu;;un 


I  tem 

Cond  i  t  i  on 

Resul is 

Model  1 

Model  2 

Thermal  cycling 

. 

Thermal  eye  Is  :  -30-^f70vC,  3  cycles  a 
day 

Number  cycles  :  100  cycles 

No  gas  1 eakage 

No  loss  increase 

No  gas  leakage 

No  loss  increase 

Vibration 

Ampl i tude  :  ±  5mm 

Frequency  :  10Hz 

Number  of  cycles  :  10^  cycles 

No  gas  leakage 

No  loss  increase 

No  gas  leakage 

No  loss  increase 

Bending 

Bending  radius  :  6  times  cable  diameter 
Number  of  bending  :  5  times 

No  gas  i eakage 

No  loss  increase 

_ 

No  gas  leakage 

No  loss  increase 

Impact. 

No  gas  1 eakage 

No  lo.->s  increase* 
No  cracking  on 
rosin  coating 

No  gas  1  eakage 

No  loss  increase 

No  cracking 

d t  re  tghing 

Tensile  load  :  200  kg 

No  gas  1 eakage 

No  loss  increase* 

No  gas  leakage 

No  loss  increase 

Water  immersion 

Temperature  :  60  °C 

Depth  :  50  cm 

Term  :  60  days 

No  gas  1  eakage 

* 

No  loss  increase 

No  gas  leakage 

No  loss  increase 

Field 

Gas  pressure  :  650  kg/rn 2 

Term  :  3  years 

No  gas  i eakage 

No  loss  increase 

_ 

No  more  than  O.ldB 


Table  7  Performance  testing  and  field  results  of  jointing  or  termination  box 


I  tern 

Cond  i  t.  ions 

hesu i t  s 

Outdoor  type 

Indoor  type 

Thermal  cycling 

Thermal  eye  Is  :  -3CW70cC ,  cycles  a 

day 

Number  cycles  :  100  cycles 

No  loss  increase 

No  loss  increase 

V  i  brat  ion 

Amplitude  :£5  mm 

Frequency  :  10  Hz 

Number  of  cycles  :  10f  cycles 

No  loss  increas* 

No  loss  increase 

Bend i ng 

Bending  radius  :  6  times  cable  diameter 
Number  of  bending  :  5  times 

No  loss  iticre.tr'- 

No  loss  increase 

Water  i  mrne  r  s  i  on 

Temperature  :  60°C 

Depth  :  50  cm 

Term  :  60  days 

No  loss  increase 

Field 

No  Joss  increase 

lor  3  years 

No  loss  it;-  v-ase 

for  *>  y<  a  i  . 

No  more  than  O.ldB 
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OPTICAL  AND  MECHANICAL  CHARACTERISTICS  OF  MICROFLAME 
FUSION  SPLICING  OF  OPTICAL  FIBER 

B.  FERNANDEZ  RONBAN;  A.  AGUILAR  MORALES 


Centro  de 


Invest igncion 


\ 


Summary 


A  microflame  fusion  splicing  technique  has 
been  statistically  studied  in  order  to 
evaluate  the  contribution  on  the  splicing 
loss  of  fiber  ends  flatness,  initial  mis¬ 
alignment,  final  aspect  of  the  splice, 
core/cladding  deformations,  impurities, 
air  bubbles  in  the  splices,  fusion  time 
and  glass  temperature.  The  mechanical  re¬ 
sistance  characteristics  have  been  studied 
and  compared  with  non  spliced  fibers,  both 
with  just  fusion  splices  and  with  fusion 
followed  by  an  annealing  process.  A  splic 
ing  machine  by  a  but.  -oxigen  miniature 
torch  and  an  observing  microscope  was  de¬ 
veloped  and  used  in  the  experiments.  The 
tests  were  made  in  five  groups  of  splices 
using  multimode  50/125  micron  diameters, 
0.22  N.A.  graded  index  fibers,  on  a  cut¬ 
ting  and  splice  basis,  to  evaluate  the 
contribution  of  all  aspects  of  the  splic¬ 
ing  process  in  the  transmission  loss.  A 
conclusion  of  this  work  is  that  the  j^a- 
sonable  splice  quality,  repetitivity  and 
simplicity  of  the  process  make  it  a  good 
and  economic  alternative  for  splicing  of 
multimode  fibers. 


Introduct ion 

Splicing  optical  fibers  was  considered 
in  the  past  a  critical  factor,  but  nowa¬ 
days,  low  loss  splices  are  easily  per¬ 
formed  even  in  hard  field  environment. 
Among  multitude  of  fiber  splicing  methods, 
direct  fusion  of  the  glass  faces  has  been 
widely  accepted,  because  of  the  simpli¬ 
city,  and  high  quality  splices  obtained 
with  these  methods.  The  fusion  splice 
using  high  voltage  electric  arc  machines 
are  being  much  more  used  than  the  method 
using  a  flame  machine.  The  purpose  of 
this  article  is  to  propose  that  using  the 
microflame  1 usion  method  can  be  a  good 
and  economic  alternative  to  the  arc  fu¬ 
sion  for  field  splicing  of  multimode  fi¬ 
bers  • 


This  microflame  fusion  splicing  technique 
has  been  statistically  studied  in  order 
to  evaluate  the  contribution  on  the 
splicing  loss  of  fiber  cleaving  quality, 


de  Standard  Electrica,  S.A. 

Madrid 

Spain 

final  aspect  of  the  splice,  core/cladding 
deformations,  impurities,  fusion  condi¬ 
tions,  initial  misalignment  of  the  fibers 
and  other  special  incidences.  Also  the 
mechanical  resistance  characteristics 
have  been  studied  and  compared  with  non 
spliced  fibers,  both  with  just  fusion 
splices  and  with  fusion  followed  by  an 
annealing  process. 

Experiment  Methodology 

The  experiment  was  initiated  with  a  set 
of  measurements  organized  in  five  groups 
of  splices,  followed  by  an  analysis  of 
the  results.  The  first  group  of  splices 
is  a  general  statistical  loss  test  ana¬ 
lysis,  including  the  study  of  the  influ¬ 
ence  of  different  kind  of  splice  defects 
in  the  splicing  loss.  The  second  group 
of  splices  was  made  to  evaluate  the  de¬ 
pendence  of  the  fusion  conditions,  such 
as  the  fusion  time  and  the  flame  charac¬ 
teristics  in  the  transmission  loss.  The 
third  group  of  splices  was  made  to  esta¬ 
blish  the  influence  of  the  initial  mis¬ 
alignment  of  the  fiber  ends  to  be  joined 
on  the  splice  loss.  A  fourth  group  of 
samples  was  selected  among  the  former 
groups  in  order  to  study  the  core  clad¬ 
ding  distribution  in  the  splice  proximity 
and  its  influence  on  the  loss.  The  fifth 
group  of  splices  was  used  for  a  mecha¬ 
nical  test  studying  the  influece  of  the 
annealing  process  in  the  splice  mechani¬ 
cal  strength. 

The  tests  were  made  on  a  cutting  and 
splice  basis,  using  standard  multimode 
graded  index  fiber  with  an  attenuation  of 
3.5  dB/Km  at  the  wavelength  of  850  11m  a 
core/cladding  diameters  of  50/125  Aim  res¬ 
pectively,  and  a  numerical  aperture  of 
0.22. 

Each  splice  has  been  identified,  and  be¬ 
sides  the  transmission  loss,  other  fac¬ 
tors  that  can  affect  its  quality  has  been 
noted  in  the  measurement  sheets,  such  as 
fiber  ends  cleaving  quality:  final  aspect 
of  the  splice  observed  through  the  mi¬ 
croscope;  core  uniformity;  and  other 
special  incidences.  Three  different  per¬ 
sons  have  participated  in  the  measurement 
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i  ti  * »i  * ! « * i  tn  m.ike  independent  t  lu¬ 
ll  ttm  ihf  i'|'tli  .it  ui  skill. 

L  n  the  aiiul\-is  i*i  results  >taye,  the  in- 
1  liU'iuc  I'll  the  splicing  los<  el  the 
<|*|  ice  conditions  alld  i  !  ic  l  « I  e  r  i  c  e  <  ,  w  a  - 
imiis  i  he  t  e  •! ,  oh  t  .t  i  n  i  tty.  stat  i><t  ie.il  result  " 

in  il  i  t  t  ei  en  t  c  o  ti*l  i  t  ions. 

S  p  j  t  c  i  ii \i  Me  t  hod 

Hie  m  i  c  ro  I  1  .Mite  lusion  s|>  1  i  c  i  n.c  m.u  hiiie 
nse«l  in  this  e \|  •  e  r  i  me  n  t  was  ileve  1  cpril  l" 
make  the  s|.l  io-s  in  the  liist  optical 
lip,  i  nst  al  I  i'll  iM  Spain  in  l*dU>.  The  spe- 

c  i  ,i  I  r  e  <  ju  i  r  eme  n  t  s  el  that  inst.il  I  at  ion 

'a  railway  liiniit'l  with  luiil  e  tiv  i  retime  tit  a  l 
i  e  1 1 . 1  i  t  i  o  n  s  >  e  I  a  i  nu  •  d  tor  the  selection  of 
an  a'leipiat  e  splicing  technique.  file  mine 
I  lame  met  hoil  pjovi'il  to  he  a  coed  one.  * 
l  at  et  mi,  the  machine  has  heen  imputvcd. 

The  may  hi  n  e  ~  *  t  F  i  y  .  I  •  is  composed  hy  an 

a  l  note  1 1 1  and  appro,  schi  ny  device:  a  mi  - 

hi  ,.t  ore  w*  (  «i  i  it  vi  torcli:  an  observing  mi  - 

I'lnscopi  :  and  a  p  l  at  I  orm  supporting  the 


FIGURE  t  MICRO  FLAME  FUSION  SPLICING  MACHINE.  CLOSE  4JP  OF  THE 
ALIGNMENT  DEVICE  WITH  TWO  FIBERSBEING  SPLICED. 


ahe  ve  a  s  semh lies,  i nr  I n d i  : ;  y  a  mu l  t  i p 1 e 
fiber  hoi, |ei  and  a  eoiip  l  e  o|  opt  ical  c  a  - 
1*1  e  he  l  del  >  lot  easy  handling  ol  opt  ieal 
•ahles.  The  aliyuiny  and  approach! ny 
device  has  two  V-et  ivod  liber  supports 
t  .  ,p  ah  l  e  of  i  e  |  a  t  i  ve  movefile  n  Is  in  three 
i  imriis  ions  :  an  \  - 't  mi  imm.in  i  pn  I  ,i  t  "i  t  • » i 

I  i  h e i  a  I  i  y  union  t  ,  a nd  f  i  be’ r  ends  a pp  i  < »  \  i  - 

in.it  i«»n  hv  means  nt  a  sliding  mechanism 
o p <> T  a  t  e d  hv  a  lever.  The  Iml  .ine-cx  i  .con 
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tnr<h  hi*  i  in*  provided  with  a  head  with  a 
s p e i ■  i  a  I  no  /  /  1  e  i  n <  <  i r por . \  1  i  n y:  .  i  '*  " 

mirioi  t  1  h  i  «  head  is  fixed  to  the’  aim  el 

the  torch  which  has  total  i  tty.  movement  in 
a  vet  t  i  c  ,j  |  ’  1  .mi’,  to  locate  the  til  i  1  i  <  •  I 

and  the  no  /  /  !  e  .  •  t  urn  kiin1  and  recline 


Iho  I  lie)  in.i  I  expansion  caused  in  the  I  a  i  e  - 1 
I  i  tiers  jus  t  at  i  he  lu-ei  imi  nc  "  1  tin  I  •  a  \  - 

i  m  y  jii  iici'ss  is  s  1 1 1  t  i  »  j  ,  1 1 1  if.  | 1 1  o  \  ■  i  d »  t  !  i  • 

required  pressure  t  o i  p  ■  i  it  i  n y  l •  <- 1  1 1  e  n  <  t-  . 

When  the  1  IIS  i  till  take-  place,  tin  -  *  l  I  t  a  *  • 

tension  <  >  I  the  sot  t  e  1 1  e  d  *.  I  a  -  -  c  a  ■  i  --  e  s  tin 
|,ii  lit  t  •  >  tend  It.  he  Mill  I  1.1  -II,  V.  I  VIII'-  the 

joinin'  a  I  I  1 1  a  I  a  -  pec  t  of  p  e  I  I  e  c  t  i  "III  I  - 

liui  t  y  . 

T  he  process  Ol  a  -pi  I  cr  llaVe  l  eer,  -Ii  V  I  d<  l 
into  s  e  \  en  si  t*|>  -  :  si  I  ip  it  IV  1  tie  -etmidalV 
and  pr  i  marv  cn.il  i  nv  :  c  I  e  a  v  i  n  y  the  t  w » *  M  - 

her  ends  to  he  im  lied  :  a  1  i  y  n  i  n  y  the  two 

liber  laces:  I  e  y  1 1  I  a  (  i  ll  y  the  I  I  atm  •  i  "lull  - 

I  ions:  1  ire  c  I e  a  n i ny  the  I  i he  i  s  end:  1  >  i  - 

s  I  Iiy  tile  two  fibers  and  splice  aillie  a  I  l  I)  C  . 
All  the*  conditions  and  incidence-  w  el  e 
easily  observed  t  In  oiiyii  the  splivitiy  ma¬ 

chine  m  i  c  r  o  s  c  o  j  c*  w  i  t  1 1  a  it  i  1 1 1  e  r  i  u  p  t  i  n  y  tin 
process . 

Although  splice  samples  has  been  studied 

in  detail  with  ail  i  n  t  ei  1  e  r  e  n  t  i  a  1  m  «  c  i  o  - 

scope,  the  t  i  her  core*  mi  i  tnj-iili  t  y  wa- 

approx  i  Mia  t  e  I  y  observed  dm  i  n  y  the  -  |  -  !  i  c  in 
process  because  when  the  y  l a s  s  is  ■ « t 

-n|  leu  iny  State  the  cm  i  Call  he  -een 

throavh  the  machine  microscope.  Im  -  i  *u~ 
p  I  i  c  i  t  y  c'leavine  liber  ends  was  unnu,il  h 
made*  with  a  d  i  amoiui  kn  i  1  e. 

Splicing  loss  Mimsiii  emeu  t  Set-up 


The  block  diayram  is  shown  in  Iiy.  -  .  \n 
mil  light  em  i  t  i  Iiy  diode  <  \C  1  t  e<l  h  v  a 


FIGURE?  SPLICING  LOSS  SET  UP  HIGH  PR  ECISION  AND  ST  ABIUT  Y  IS 
OBTAINED  DUE  TO  THE  CONSTANT  MONITOR  V  0 T  T  HF 
REFERENCE  LIGHT  POWER 
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the  c  1  adding;  of'  a  length  of  fiber  an 
converts  it  in  an  electrical  signal* 

The  variations  of  the  c  la<idin>e  detected 
light,  measured  by  the  voltmeter,  has 
proven  to  be  proportional  to  the  core 
light  power  variations,  so  an  indirect 
reading  of  the  reference  signal  is  obtaiiu 
ed  with  this  method*  In  order  to  have 
real  conditions  in  the  splice  on  test 
point,  1  Km  of  fiber  was  connected  after 
t fie  c  1  adding  power  transducer  device.  The 
splic«*  on  test  point  was  situated  several 
meters  before  the  end  of  this  long  filler* 
Between  the  splice  point  and  the  pred¬ 
ion  optometer,  a  cladding  power  extrac¬ 
tion  device^  was  placed.  The  calibration 
curve  of  the  reference  signal  versus  the 
cladding  power  was  periodically  checked. 
The  resolution  of  this  method  is  better 
than  0.00*5  dB. 


General  Statistical  Loss  Test 


The  first  statistical  test  was  made  with 
1 1*0  splices.  Each  initiated  splice  was 
finished  and  evaluated,  even  if  special¬ 
ly  bad  conditions  were  detected  during 
t  fie  process.  Seven  special  ly  bad  cases 
( 5  - )  were  detected:  Two  splices  had 
a  colapsed  shape  due  to  overheating; 
three  splices  with  one  of  the  filler  ends 
to  be  joined  irregularly  broken  in  the 
cleaving  with  the  break  covering  more 
than  r)0%  of  the  surface  of  the  core:  one 
splice  find  a  small  particle  of  the  pri¬ 
mary  coating  material  between  the  faces 
to  be  joined:  and  one  splice  *xth  an  air 
bubble  between  the  faces  of  the  joint. 

All  these  defects  were  easily  identified 
during  the  process  by  observing  througli 
the  splicing  machine  microscope.  These 
splices  could  have  been  easily  remade  if 
required  in  a  regular  splice  process. 
These  special  cases  have  been  eliminated 
in  the  statistical  study. 

The  transmission  loss  histogram  of  Tig. 

1  shows  0.11  dB  mean  loss  with  a  standard 
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deviation  of  O.OT,  excluding  the  *>.8% 
specially  bad  splices,  outs  id**  *  be  nm-m.i  I 
distribution.  0.15  dB  of  mean  loss  are 


obtained  including  all  the  1  LiO  samples. 
Splices  with  similar  peculiarities  are 
grouped  in  table  1,  in  order  to  establish 
the  contribution  to  the  splicing  loss  of 
fiber  cutting,  splice  deformation  due  to 
overheating  and  core  mi  suni  fortuity.  In 
the  group  of  good  cleaving  quality,  a  7  ft  S 
have  been  obtained  with  perfectly  flat 
faces,  with  a  mean  loss  of  0.10  dB.  The 


Splice?  Subgroups 

Cleaving  quality 
Kxtei’na!  uniformity 
Core  uniformity 


Perl ect 
dB 

7 -i  o.io 

hi  0 . 10 

7<>  o.  1 1 


Imp  er  f e  c  t 
%  dB 
Jb  O.lj 
■)  0.17 

2f\  0.1't 


TABLE  1:  Percentage  and  mean  loss  (dB) 
of  splice  subgroups  with  similar  pecu- 
1  i  ai  i  t  i  e  s 


other  2(>°o  of  the  cuts  have  some  defects 
affecting  the  flatness  or  the  perpendi¬ 
cularity  of  the  fiber  ends,  due  to  the 
manual  cleaving  method  used  for  simplici¬ 
ty,  averaging  0.1  A  dB  of  splice  loss.  In 
spite  of  easy  selection  of  good  quality 
cut  during  the  process,  it  is  not  worth 
to  perform  a  selection  because  cleaving 
defects  increase  the  total  average  loss 
only  in  0.01  dB  (10%)  approximately. 


In  ‘)l?/>  of  the  cases,  the  external  aspect 
of  a  finished  splice  observed  through  the 
splicing  machine  Microscope,  looks  like  a 
perfect  cylinder,  being  the  splice  in 
most  of  the  cases  impercept  il>  I  e.  (See 
photo  l)  of  Fig.  j )  . 


In  u%  of  the  cases  some  deformation  is 
observed  in  the  final  aspect  of  the  splice 
due  to  different  reasons,  being  the  most 
important  the  overheating  due  to  either 
an  excessive  proximity  of  the  flame  or  an 
excessive  fusion  time  (see  photo  c  of' 

Fig.  j )  .  In  table  1  it  can  be  observed 
that  this  kind  of  defect  is  the  most  sen¬ 
sible  one  to  the  splicing  loss  (0.17  dB). 
Although  selection  is  also  very  easy  in 
a  current  splicing  process,  it  is  not 
worth  doing  it  due  to  the  poor  influence 
in  the  total  splice  loss  (around  10%). 


The  core  internal  misuni formitv  of  the 
joint  in  most  of  the  cases  is  a  conse¬ 
quence  of  a  bad  cleaving,  because  the 
core  material  with  lower  fusion  tempe¬ 
rature  ocupates  the  notch  of  the  cutting 
defect.  The  influence  of  this  defect  in 
the  mean  loss  is,  as  seen  in  table  1, 
similar  to  the  cleaving  quality  sul. group, 
in  percentage  and  in  mean  loss. 

The  results  of  this  comparison  supports 
tile  conclusion  that  no  significant  mean 
total  1  oss  exists  with  t  lie  opt  i  mum  con¬ 
ditions  splices,  (except  in  the  excep¬ 
tional  cases  of  a  silicone  particle  or 
an  aii  bubble  in  the  splice,  and  cutting 
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defects  affecting  significantly  the  core 
of  the  ends  of  the  fibers. 

Sp I i <e  Quality  Dependence  of  Fusion  Con¬ 
di  ■  s 

A  second  group  of  measurements  were  per¬ 
formed  to  establish  how  critical  are  the 
flame  conditions  and  welding  time  in  the 
microflame  splicing  process.  This  test 
was  made  with  20  splices  on  the  basis  of 
cumulative  time  increments  of  flame  appli^ 
cation  in  the  sample  on  test,  measuring 
the  transmission  loss  in  each  increment. 
This  increment  of  time  was  5  seconds  du¬ 
ring  the  first  20  seconds  and  ten  second 
later.  Fig.  4  shows  three  curves  of 
sp'ices  transmission  loss  as  a  function 
of  cumulative  fusion  time.  Curve  1  repre- 


FIGURE4:  SPLICING  LOSS  DEPENDENCE  OF  FUSION  TIME. 

II  MEAN  VALUE;  2)  BEST  CASE;  31  WORST  CASE 


sents  the  mean  value  of  the  loss  and  cur¬ 
ves  2  and  3  are  the  best  and  worst  case 
respectively.  The  mean  curve  indicates 
that  between  15  seconds  and  nearly  two 
minutes  of  fusion  time  the  splice  loss  is 
maintained  fairly  near  the  minimum,  and 
the  aspect  of  the  splice  area  is  general¬ 
ly  a  perfect  cylinder  (photo  b).  Before 
15  seconds,  the  losses  are  higher  and  the 
aspect  is  "unfinished"  as  indicated  in 
photo  a.  After  1.5  minutes  the  loss 
smoothly  increases  and  the  fiber  shows  a 
slight  narrowing  as  indicated  in  photo  c. 
After  2.5  minutes  to  5  minutes  of  apply¬ 
ing  the  flame  (depending  on  the  sample 
considered),  the  splice  zone  is  comple¬ 
tely  narrowed,  the  loss  increases  consi¬ 
derably  and  it  separates  in  two  parts. 

In  all  the  tests,  the  flame  pri,  irtions 
of  butane  and  oxigen  were  regulated  to 


obtain  a  good  combustion,  getting  a  blue 
dard-shaped  flame.  As  the  distance  from 
the  point  of  the  torch  nozzle  to  the 
splice  point  is  fixed  by  the  machine 
(6mm),  the  length  of  the  flame  is  the  fac¬ 
tor  that  can  affect  the  splice  quality  due 
to  the  glass  temperature  and  in  conse¬ 
quence  the  welding  speed.  The  optimum 
length  of  the  blue  part  of  the  flame  was 
found  to  be  of  the  order  of  3  milimeters 
(a  distance  of  about  3  mm  from  the  point 
of  the  flame  to  the  splice).  Fifteen  of 
the  splices  of  this  test  were  made  in  the 
optimum  flame  conditions,  obtaining  curves 
similar  to  number  2,  with  less  splices 
loss  and  much  less  affected  by  the  fusion 
time.  The  other  five  splices  were  inten¬ 
tionally  made  with  a  more  than  the  usual 
flame  size  (of  the  order  of  5  mm).  The 
worst  of  these  results  is  shown  in  curve 
3.  This  case  is  slightly  more  sensible  to 
the  fusion  time  and  the  transmission  loss 
are  generally  higher.  Even  in  the  worst 
fusion  conditions,  the  quality  of  the 
splices  is  perfectly  acceptable.  It  is  re¬ 
markable  that  a  flame  length  of  more  than 
5  mm  is  difficult  to  obtain  because  it 
becomes  estinguished  due  to  the  torch 
nozzle  design. 

Influerce  of  Initial  Misalignment 

A  third  group  of  50  splices  was  made  and 
evaluated  in  order  to  establish  the  in¬ 
fluence  of  the  initial  misalignment  on 
the  transmission  loss.  The  initial  mis¬ 
alignment  of  the  fibers  was  visually  measured 
through  the  machine  observing  microscope. 
The  fibers  are  automatically  self-aligned 
during  the  welding  process  due  to  the 
forces  of  the  surface  tension  of  the 
fused  glass,  and  the  external  aspect  of 
the  finished  splices  is  generally  a  perfect 
cylinder  as  in  former  tests.  The  test  was 
made  in  5  groups  of  10  splices,  each  with 
an  increment  of  misalignment  of  about  10% 
of  the  fiber  external  diameter.  Fig.  5 
shows  the  mean  values  obtained  in  each 

ABSOLUTE  MISALIGNMENT  I  jiml 


FIGURE  5:  SPLICING  LOSS  VS  INITIAL  MISALIGNMENT 


166  International  Wire  &  Cable  Symposium  Proceedings  1982 


group  itnd  the  least  square  linear-  appru- 
ximatiun.  In  the  graph  it  can  he  obscrvi'il 
tli.it  with  a  mi  s  a  1  i  guinea  t  of  bJ.a  inn, 
c  orro  spond  i  tijr  to  a  atv’o  of  the  external 
diameter  (or  a  lLIa^o  of  the  core  diameter), 
the  mean  loss  is  only  O.  'i  til).  A  core  mi  s- 
al  i  jiiimeut  of  sives  a  mean  loss  of 

o.LlH  dll.  With  a  misalignment  lower  than 
10-ij  of  external  <1  iometer  (  'J~"o  of  core 
•  liameter)  the  loss  increment  is  practi¬ 
cally  tie  g  l  i  genb  1  e  •  As  a  practical  conclu¬ 
sion  of  this  test,  no  very  special  cart? 
has  to  he  taken  in  aliening  very  precise¬ 
ly  the  fiber  ends  to  he  joined,  in  the 
case  of  mu  1 1 imode  libers. 

I nt er t or e n t  L a  1  Microscope  Analysis 

A  fourth  jeroup  of  special  splice  samples 
were  selected  of  the  former  groups  of 
tests  in  order  to  study  the  core/c  1  add  i  ng 
distribution  inside  the  splice,  and  to 
show  how  this  material  distribut.  ion  is 
related  to  both  the  transmission  loss  and 
the  incidences  on  the?  splice  process.  For 
this  study  an  inter  Cerent iol  microscope 
was  used.  Photographs  of  Fiji,  b  were  se¬ 
lected  to  show  the  most  represent  a t i ve 


FIGURE  6:  1NT6RF ERECT! AL  MICROSCOPE  ANALYSIS,  a)  GOOD  QUALITY 
b)  BAD  CLEAVING;e)  BAD  CLEAVING  AND  OVERHEATING; 
d)  SILICONE  PARTICLE;  •)  AIR  BUBBLE;  f)  50%  MISALIGNMENT 


cases.  Transmi ssion  loss  and  splice  con¬ 
ditions  are  indicated  in  the  figure.  In 
splices  with  a  good  cleaving  quality  and 
optimum  splice  conditions,  a  good  core 
continuity  made  the  splice  nearly  imper¬ 
ceptible  (Fig.  (>,*).  Poor  cleaving  quality 
is  shown  in  Fig.  (»h  in  which  part  of  the 
core  material,  which  lias  lower  softening 
t  empei  at. ur  e ,  ocupates  the  notch  of  the 
cladding  due  to  the  had  cut.  Fig.  he  is 
a  typical  case  of  splice  overheating, 
combined  with  a  had  cleaving  quality. 

Fig.  hd  is  one  of  the  specially  bad 
splices  due  to  a  particle  oj  silicone  in 
the  laces  of  the  fibers.  This  spl ice  was 
intentionally  made  in  order  to  study  the 
f?f  j  eel  .  < )  1. 1 1  er  s  1 1  e  c  i  a  1  c  a  s  e  is  s  h  own  i  r  \ 

Fig.  ho.  This  rare  case  is  an  air  bubble 
i.n  the  splice  which  b  lowed  out  in  the 
welding  process.  Fig.  hi*  shows  one  of  the 
splices  made  with  10%  of  initial  misalign¬ 
ment.  Lt  can  be  observed  that  the  core 
material  is  shifted  in  self  aligning  pro¬ 
cess  <lue  to  the  surface  tension. 

Splice  Annealing  and  Mechanical  Strength 

Finally  a  fifth  group  of  JO  measurements 
were  made  applying  after  the  fusion  an 
annealing  process  consisting  of  smooth 
cooling  by'  using  the  hot  air  arising  from 
the  flame,  in  the  sam#»  splicing  machine. 
The  tension  strength  was  measured  and 
compared  with  non  annealed  splices, 
taking  non  splices  fiber  pieces  as  a  re¬ 
ference.  The  annealed  splices  had  a  mean 
tensile  strength  of  'i(>0  gr .  compared  with 
Li  JLi  gr .  for  non  annealed  splices.  The  moan 
tensile  strength  non  splices  fibers  was 
d0%  gr . 

A  pneumatic  mechanical  strength  tester, 
specially  adapted  for  fiber  tests  was 
used  in  this  experiment.  The  mechanical 
tests  wore*  performed  with  no  mechanical 
protection  of  the  splices. 

Cone  1  us  ion 


This  paper  reports  th*-*  evaluation  of  a 
manual  method  of  spl  icing  optical  fiber 
by  using  a  but ane-ox i gen  welding  machine. 

The  results  of  the  evaluation  are  that 
this  simple  method  is  not  very  dependent 
of  the  operators  ski  M.  It  has  been  ana¬ 
lyzed  the  influence  of  cleaving,  welding 
conditions  and  alignment,  with  the  con¬ 
clusions  that  no  sign i f i cat i ve  loss  of 
quality  can  be  observed  taking  the  moan 
transmission  loss  as  reference.  There¬ 
fore  it  is  found  that,  no  special  automa¬ 
tic  mechanisms  of  positioning  and  con¬ 
trol  are  required  to  perform  good  splices, 
besides  the  possibility  of  annealing  and 
the  simplicity  of  the  machine  makes  this 
process  a  good  altn  n.it  i  ve  for  high  qua¬ 
lity  spl icing  for  multimode  fibers. 


International  Wire  &  Cable  Symposium  Proceedings  1982 


167 


Ac know  1  edg  erne  tit  s 

The  authors  wish  to  thank  Mr.  L.  Sanz  Tor 
his  valuable  contribution  in  the  design 
of  the  splicing  machine,  and  to  Mr.  A. 
Ruiz  and  A.  Garcia  Liz  Tor  assistance  in 
the  experimental  work. 

He  f  ere  rices 

1.  "Optical  Fiber  Technology:  Transmis¬ 
sion  System  for  the  Spanish  National 
Railway".  B.  Fernandez,  A.  Aguilar. 
Electrical  Communication  Vol  .  *>6  No. 

'i,  11)81. 

2.  "Welding  Machine  for  Splicing  Optical 
Fibers".  B.  Fernandez,  L.  Sanz.  Spa¬ 
nish  Patent  No.  2*3  3.308,  Oct.  8,  1980. 

3.  "Improved  Welding  Machine  for  Splic¬ 
ing  Optical  Fibers" .  13.  Fernandez, 

L.  Sanz.  Spanish  Patent  No.  2b0.0CMt, 
Aug.  12,  1081. 

'» . 


Antonio  Aguilar  Morales 
was  b  orn  iii  i  ()4  5  .  He  re  - 
ceived  a  BSc  in  electro¬ 
nic  physics  in  19&8  from 
the  University  of  Madrid, 
alter  which  he  worked  fur 
the  Optics  Institute  of 
the  Scientific  Research 
Council,  Madrid.  He  joined 
CIISE  in  1972  as  an  en¬ 
gineer  in  the  tel  ecominun  j  - 
cation  planning  division. 
During  397b  he  worked  at 
STL  on  optical  fiber  mnmjf actur in  ft ,  measu¬ 
rements,  and  systems.  Since  1977  he  lias 
been  with  the  optical  fiber  group  of 
CIISE,  working  on  optical  fiber  technolo¬ 
gy  and  electro-optical  devices. 

(*)  CIISE.  Centro  de  Investigation  de 
Standard  Electrica,  S.A. 


"Method  to  Create  or  Make  Use  of 
Areas  of  Energy  Extraction  in  Optical 
Fibers".  B,  Fernandez,  A.  Aguilar. 
Spanish  Patent  No.  476.609,  Jan.  7 , 

1  97‘). 

"Optoelectronic  Transducer  for  the 
Utilization  of  the  Energy  Extracted 
from  the  Cladding  of  an  Optical  Fi¬ 
ber".  B.  Fernandez,  A.  Aguilar.  Spa- 
n i sh  Patent  No.  401.784,  May  23,  1980. 

"Improvements  in  Optical  Fiber  ' efe- 
rences".  A.  Aguilar,  B.  Fern;  •  ?. . 
Spanish  Patent  No.  401.011,  ■  28, 

1080. 


Biographies 

Baldomero  Fernandez  Ron  - 
dan  was  b or n  in  1 o 4 7  in 
Sflnlucnr  de  Barrameda 
(Cadiz),  Spain.  After 
graduating  from  Madrid 
Polytechnic  University 
with  a  degree  in  tele¬ 
communication  engineering 
he  joined  CIISE*  in  1 074. 
During  1076  and  1077  he 
worked  in  the  optical 
communication  division 
of  STI ,  Marlow,  UK,  on 
the  design  of  the  140  Mbit  s-^  Hitchin- 
Stevenage  optical  transmission  system. 

He  is  at  present  responsible  for  the 
CIISE  optical  communication  group,  which 
has  developed  and  installed  a  number  of 
optical  fiber  telephone  and  telemetry 
transmission  systems. 


International  Wire  &  Cable  Symposium  Proceedings  1982 


r 


AD  P  0  0  0  5  5  9 


ARC-FUSION  SPLICE  OF  OPTICAL  FIBER  AND  ITS  RELIABILITY  IN  FIELD 


Mitsuru  Miyauchi  , 


Michito 


Matsumoto 


** 


and 


Tadashi 


#  it 

Haibara 


Research  &  Development  Bureau , N . T. T . 

Musashino,  Tokyo  160,  Japan 

\  Abstract 

^ - 

In  practical  optical  cable  transmis¬ 
sion  systems,  efficient,  stable,  and 
reliable  fiber  splice  techniques  are 
required  for  optical  transmission  line 
construction.  This  paper  describes 

design  and  performance  of  an  arc-fusion 
splice  machine,  a  fiber  cutting  tool, 
and  a  reinforcement  for  spliced  portion. 
Field  trial  results  on  the  splice  are 
also  discussed. 

In  order  to  assure  long-term  stabil¬ 
ity  and  reliability,  stresses  applied  to 
fiber  inside  the  reinforcement  element 
due  to  fiber  buckling,  torsion  and  push¬ 
ing  out  from  the  plastic  coatings  are 
clarified.  It  .is  also  varifiec!  that 
proof  testing  with  the  proof  stress  of 
approximately  ISO  g  is  necessary  for 
long-term  enduraoility  of  fiber  against 
the  applied  stresses. 


1 . Introduction 

Optical  fiber  transmission  systems 
utilizing  various  advantages  of  fibe- 
characteristics  have  been  developed  wide¬ 
ly  in  manv  coutries  and  institutes.1 
In  practical  optical  cable  transmission 
line  construction,  efficient,  stable  and 
reliable  fiber  splice  techniques  are 
required,  and  many  kinds  of  splicing 
methods  and  techniques  have  been  proposed. 
2,3  Among  them,  we  have  made  a  choice 

to  use  an  arc-fusion  splicing  method  in 
the  viewpoint  of  workability  and  relia¬ 
bility  in  field.  The  important  points 

required  for  the  practical  splice  tech¬ 
nique  are  as  follows: 

1 )  Simple  and  easy  operation  of  splicing 
apparatus  even  for  unskilled  person  in 
field  . 

2)  Long-term  reliability  and  stability 
for  a  spliced  portion. 

This  paper  mainly  deals  with  multi- 
mode  fiber  splice,  describing  design  and 
performance  of  a  semi-automatic  splicing 
apparatus  usirg  pre-fusion  method^1,  a 
simplified  cutting  tool  for  fiber  end- 
face  preparation,  and  a  reinforcement 


#* 
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method  using  heat  shrinkable  tube.  Field 

test  results  show  that  low  splice  loss  less 
than  0.1  dB  on  an  average  and  high  worka¬ 
bility  of  about  A  minutes  per  one  splice  are 
achieved  using  the  above  ment ioned  components  . 

Furthermore ,  proof  testing  for  spliced 
fiber  before  reinforcement  is  proposed  to 
guarantee  the  life  time  of  20  years  for 
the  spliced  portion. 


2.  Procedure  for  tne  optical  fiber 
splice  and  requirements  for  the 
practical  splice  method 

The  splicing  procedure  for  p’astic 
coated  fibers  consits  of  the  following 
processes ; 

1)  stripping  and  removing  plastic  coatings 
of  optical  fibers, 

2)  cutting  the  fibers  with  an  appropriate 
length , 

3)  arc-fusion  splicing  of  pair  fibers. 

4)  reinforcement  for  the  spliced  portion. 

Figure  1  shows  relationships  between 
the  splicing  processes  and  requirements  for 
the  practical  splice  especially  in  field. 

Broad  arrows  indicate  the  strong  and 
important  relationships. 

2 ■ 1  Low  splice  loss 

As  shown  in  Fig.1,  fiber  cutting  and 
arc-fusion  are  tha  main  items  to  achieve 
low  splice  loss.  Factors  to  be  consider¬ 

ed  are;  (1)  cutting  condition  to  obtain 
good  fiber  end  face,  and  (2)  arc-fusion 
splice  condition  to  attain  low  splice  loss, 
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FLr.1  Rcl.nl  ion  between  splicing  pi  >ce. lures 
and  requirements  for  tla  practical  splice 
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such  as  discharge  voltage  and  time,  pre¬ 
fusion  time,  and  stuffing  length  for  fibers 
to  be  spliced. 

2.2  Workability 

In  the  arc-fusion  splice  as  well  as 
other  splicing  techniques,  workability  is 
the  most  serious  problem  compared  with  that 
for  the  conventional  metal  wires.  This 

is  because  almost  all  fiber  splicing  tech¬ 
niques  require  accurate  axial  allignment  of 
fibers  to  be  spliced,  which  is  liable  to 
uepend  on  the  skill  of  operators.  Then, 

the  automatic  splice  apparatus  may  be  one 
of  the  solutions  for  the  above  problem. 

2.3  Reliability 

Reliability  of  the  spliced  fiber  is 
mainly  related  to  the  reinforcement  of  the 
spliced  portion.  Optimum  reinforcement 

method  suitable  for  the  layer  structure  of 
the  presently  used  coated  fiber  must  be 
examined  to  establish  long-term  reliability 
of  the  splice. 


3.  Optical  fiber  cutting  tool 

3.1  Requirements  for  a  fiber  cutting  tool 

Various  types  of  fiber  cutting  tool  based 
on  the  breaking  method  under  tension5  have 
been  used  widely  for  fiber  end-face  pre¬ 
paration  because  of  good  cutting  performance 
and  simplicity  in  operation  compared  with 
the  polishing  method.  The  major  target 
of  the  present  investigation  is  to  develop 
a  more  economical  cutting  tool,  which  can 
be  used  even  by  unskilled  workers  with  good 
reproducibility.  The  following  mecha¬ 
nisms  must  be  provided  for  the  tool; 

1)  A  mechanism  for  blade  pressure  control 
to  make  a  flaw  in  a  specified  amout  on  the 
optical  fiber  surface. 

2)  A  guide  mechanism  to  keep  the  cutting 
length  constant. 

3)  A  guide  mechanism  to  set  the  optical 
fiber  perpendicular  to  the  blade. 

3.2  Performance  of  the  fiber  cutting  tool 

Structure  of  the  developed  fiber  cut¬ 
ting  tool  is  shown  in  Fig. 2.  The  size 
of  the  tool  is  about  2cm  wide,  3cm  deep,  and 
10cm  long.  The  weight  of  the  tool  is 

only  90g.  This  small-size  cutting  tool 

of  stapler  type  meets  the  above  mentioned 
requirements  in  all  respects,  and  is  charac¬ 
terized  in  its  simple  operation  through¬ 
out  the  cutting  process  as  well  as  the  good 
cutting  performance.  Figure  3  shows  a 
histogram  of  breaking  angle  of  fiber  end 
face  prepared  by  the  cutting  tool.  The 
average  breaking  angle  is  found  to  be  less 
than  1°.  Cutting  tests  were  repeated  for 


1000  times  and  the  breaking  angles  were 
measured.  The  results  for  two  cutting 
tools  are  shown  in  Fig. A,  along  with  the 
data  after  the  drop  test  from  5  meters. 

The  tests  verify  the  stable  operation 
of  the  tool. 


Fig.  2  Fiber  cutting  tool 


CUTTING  ANGLE  (deg.) 

Fig.  3  Histogram  of  the  fiber 
breaking  angle 
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CUTTING  NUMBER 


Fig.  A  Average  fiber  breaking  angle 
as  a  function  of  the  cutting  number 
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4.  Arc-fusion  splicing  apparatus 

4.1  Developement  of  a  semi-automatic 
splicing 

Major  targets  for  the  development  of 
an  arc- fusion  splicing  apparatus  are;  (1) 
low  splice  loss,  (2)  automatic  alignment  of 
fibers  to  be  spliced,  and  (3)  simple  moni¬ 
toring  mechanism  for  the  splice  point. 

The  pre-fusion  technique  is  useful  for 
low  loss  fusion  splicing  of  multimode  fibers. 

Figure  5  shows  arc-fusion  processes 
using  the  pre-fusion  method.  Fibers  to 
be  spliced  are  aligned  with  a  small  gap  a 
few  tens  microns.  Then,  the  arc-dis¬ 

charge  is  started  and  simultaneously  fiber 
ends  are  pressed  together  under  the  continu¬ 
al  arc-discharge.  Photographs  of  a  fiber 
end  face  before  and  after  pre-fusion  are 
shown  in  Fig.  6.  It  is  found  that  the 

fiber  core  becomes  a  convex  shape  due  to  pre¬ 
fusion,  resulting  in  smooth  contact  of 
fibers  to  be  spliced. 

The  fusion  conditions  such  as  pre¬ 
fusion  time  and  stuffing  length  are  impor¬ 
tant  for  low  loss  splice  in  this  technique. 

Figure  7  shows  the  dependence  of  splice 
loss  on  stuffing  length  H  with  various  pre¬ 
fusion  time  t.  t  is  apparent  from  Fig. 7 

that  the  optimum  stuffing  length  exists  for 
each  pre-fusion  time.  Figure  8  shows 

the  experimental  relation  between  splice 
loss  and  pre-fusion  time  for  fibers  with 
imperfect  end  faces.  The  broken  line 
indicates  a  tendency  for  fibers  with  good 
end  face  for  comparison.  The  pre-fusion 
is  found  to  be  especially  useful  for  low 
loss  splice  when  the  fiber  end  faces  are 
imperfectly  prepared.  The  loss  for  the 
imperfect  end  face  becomes  nearly  equal  to 
that  for  the  good  end  face  by  setting  an 
appropriate  pre-fusion  time.  As  a  result 
of  these  investigations,  0.3-0. 4  sec  pre¬ 
fusion  time  and  about  30  jam  stuffing  length 
are  found  to  be  suitable  to  achieve  low  loss 
splice  without  failure. 


STUFFING  LENGTH  H  (/im) 
Fig.  7  Splice  loss  vs.  stuffing 
length  for  various  pre-  fusion  time 
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(Prefusion) 
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Fig. 5  Splicing  process  using  the 
pre-fusion  method 


BEFORE  PRE-FUSION  AFTER  0.3  SEC 


PRE-FUSION 

Fig.  6  Fiber  end  face  before  and 
after  the  pre-fusion 


PRE-FUSION  TIME  t  (sec) 

Fig.  8  Splice  loss  vs.  pre-fusion  tine 
for  fibers  with  imperfect  end  face 
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Automatic  fiber  alignment  is  necessary 
to  improve  working  efficiency.  Further¬ 

more,  splice  loss  tends  to  vary  with  the 
skill  of  worker  especially  For  fiber  setting 
on  the  apparatus.  Thus,  a  slippery 

holder,  by  which  the  fiber  alignment  can  be 
made  with  easy  handling  and  with  good  re¬ 
producibility,  is  developed  as  described 
later. 

In  general,  evaluation  of  fiber  splice 
loss  is  made  by  the  optical  monitoring  method 
using  a  light  source  and  a  detctor.  The 

method  requires  a  certain  amount  of  labor 
for  the  measurements,  and  much  simpler  method 
is  necessary  for  the  practical  splice  in 
field.  For  this  purpose,  a  new  method 

is  adopted,  where  the  splice  point  is  obser¬ 
ved  by  a  microscope  from  two  perpendicular 
directions  using  a  mirror. 

Most  of  the  offsets  between  fibers 
before  and  after  arc  -fusion  are  visually 
checked.  This  monitoring  mechanism 
markedly  reduces  the  failure  probability  of 
splice,  and  also  makes  the  splice  loss 
estimation  possible  by  cheking  geometrical 
deformation  and  imperfection  of  the  splice 
point . 

4.2  Performaces  of  the  arc-fusion  splicing 

In  view  of  enhancement  of  operation 
efficiency  and  workability  in  the  splice 
procedure,  a  semi-automatic  splice  apparatus 
has  been  developed.  Figure  9  shows  the 

splicing  procedure  of  the  machine.  The 
procedure  consists  of  the  following  five 
processes : 

1)  The  optical  fibers  are  set  roughly  on 
the  fiber  slippery  holders. 

2)  The  fibers  are  pushed  deeply  to  butt  fiber 
ends  against  a  stopper. 

3)  The  stopper  is  removed  downwards  and  both 
fibers  are  automatically  moved  together  with 
a  distance  required  for  the  pre-fusion. 

Then,  a  mirror  is  placed  between  electrodes, 
permitting  the  observation  of  alignment  and 
end-face  conditions  in  two  perpendicular 
directions . 

4)  Arc-discharge  is  started  after  the  mirror 
is  removed. 

5)  The  fibers  are  fused  and  are  pressed 
together  with  the  predetermined  stuffing 
length.  The  splice  is  finished  in  several 
seconds , 

The  processes  1)  and  2)  are  made  by  an 
operator  and  other  processes  are  made  auto¬ 
matically.  Figure  10  shows  the  photo¬ 
graph  of  the  splice  machine.  Dimension 
of  the  machine  is  22(W)*15(D)*19(H)cm3,  and 
its  weight  is  4.7  kg  excluding  the  micro¬ 
scope  . 

The  splicing  machines  have  been  used 
in  a  field  trial  of  trunk-line  optical 
transmission  systems  using  graded-index 
fiber  cables.  In  the  field  trial,  a 

total  number  of  840  3plices  have  been  made 
in  manhole  and  on  pole 

Figure  11  shows  a  histogram  of  measured 
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Fig.  9  Arc-fusion  splice 
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Fig.  10  Semi-automatic  arc-fusion 
splicing  machine 


Fig.  11  Splice  loss  histogram  in  field 
for  graded-index  fibers. 


splice  losses.  The  loss  mesurement 
accuracy  is  estimated  to  be  ±0.02dB. 

It  is  found  from  Fig. 11  that  the 
average  splice  loss  is  0,07  dB  and  about 
90  %  of  total  splices  exhibit  the  loss 
values  smaller  than  0.2  dB.  No  differences 
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in  the  splice  loss  and  working  efficiency 
are  observed  between  the  splices  in  manhole 
and  on  pole. 

Figure  12  shows  a  histogram  of  the 
time  required  for  the  arc-fusion  splice. 

Average  time  is  less  than  four  minutes 
and  about  a  half  of  the  total  splices  is 
finished  within  two  minutes. 

In  order  to  examine  the  usefulness 
of  the  visual  checking  method  described 
in  4.1,  splice  operators  have  judged  the 
splice  to  be  successful  or  not  by  the 
microscopic  observation  of  the  splice 
point,  without  knowing  the  measured  loss 
value.  It  is  found  that  99  %  of  the 

visual  judgements  meet  those  based  on  the 
loss  measurements. 

As  a  result,  splice  method  without 
optical  monitoring  is  considered  fully 
practical  and  the  method  serves  for 
simplification  of  splice  procedure  in 
field . 


SPLICE  TIME  (min/splice) 

Fig.  12  Histogram  of  the  arc-fusion 
splice  time 
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5.  Reinforcement  of  a  spliced  portion 


5 .  1  Requirements  for  a  reinforcement  method 


The  strength  of  the  spliced  portion 
is  much  reduced  compared  with  that  of  the 
original  fiber, due  to  removal  of  plastic 
coatings.  For  this  reason,  it  is 
necessary  to  reinforce  the  fusion  spliced 
portion. 

In  developing  the  reinforcement, 
optimum  material  and  structure  must  be 
selected,  so  as  to  prevent  fiber  failure 
and  fluctuation  in  reinforcement  charac¬ 
teristic.  It  is  necessary  to  clarify 

the  stress  applied  to  the  fiber  inside  a 
reinforcement  element  for  the  optimum 
selection. 

Fiber  pushing  out  from  the  plastic 
coationgs  is  one  of  the  important  factors 
to  degrade  the  reliability  of  the  reinforce¬ 
ment.  This  pushing  out  results  from 
the  release  of  residual  strain  in  plastic 
coatings.  In  Fig.  13,  dependence  of 

pushing  out  length  on  fiber  length  is 
shown  for  three-layer  coated  fiber  shown 
in  Fig.  14.  It  is  found  that  the 

pushing  out  is  remarkable  under  the  heat- 
cycle  test.  This  gives  rise  to  fiber 
buckling  and  fiber  break  inside  the  rein- 


0  20  40  60  80  100 


OPTICAL  FIBER  LENGTH  (cm) 

Fig.  13  Fiber  pushing  out  from  nylon 
coating,  under  the  aging  tests  for  20  days 


forcement  element. 

Another  factor  affecting  the  reli¬ 
ability  is  a  fiber  torsion. 

The  torsion  added  to  a  coated  fiber 
is  propagated  to  the  fiber  end  inside  the 
reinforcement,  because  the  fiber  is  not 
fixed  tightly  in  nylon  coating  and  buffer 
layer.  Figure  15  shows  the  relative 

torsion  at  fiber  ends  as  a  function  of 
torsion  applied  to  the  coated  fiber  from  Fig,  14  Three— layer  coated  fiber 

outside  under  the  heat-cycle  test  of  20  structure 

days.  The  torsion  is  propagated  to 
fiber  end  inside  the  reinforcement  element 
and  this  results  serious  stress  in  thesPliced  portion. 
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Cumulative  Probability  (‘J< 


These  stress  due  to  fiber  pushing  out 
and  torsion  as  well  as  the  stress  due  to 
the  thermal  expansion  are  the  main  factors 
for  fiber  break  in  the  reinforcement  element. 
Thus,  the  element  must  be  designed  to 
prevent  these  stresses  applied  to  the 
fibers . 

5.2  A  new  reinforcement  element 


Figure  16  illustrates  the  structure 
of  a  new  type  of  reinforcement.  The 
reinforcement  is  composed  of  a  polyethlene 
(PE)  shrinkable  tube,  an  ethylene  vinyl 
acetate  (EVA)  inner  tube,  and  a  steel  rod 
both  inserted  in  the  PE  shrinkable  tube. 

The  EVA  tube  melts  by  heat  and  fixes 
the  spliced  fiber  by  shrinkage  pressure  of 
the  PE  tube.  The  steel  rod  contributes 
to  increasing  the  tensile  strength  and  also 
provides  uniform  pressure  to  the  spliced 
fiber.  In  this  method,  it  is  important 

to  avoid  air  bubbles  and  to  prevent  im¬ 
perfect  shrinkage  during  heating.  There¬ 

fore,  a  heating  apparatus  is  developed, 
where  the  heating  is  made  at  the  tube  center 
first,  and  the  heating  areas  are  moved 
gradually  to  the  tube  ends  automatically. 

Proof  testing  mechanism  is  also  in¬ 
cluded  in  the  apparatus  in  order  to  assure 
long-term  reliability  of  the  reinforced 
portion . 

5.3  Characteristics  of  the  reinfoced  portion 

Figure  17  shows  Weibull  plots  of  the 
fiber  breaking  strength  before  and  after 
reinforcement.  Average  strength  of  2.3 

kg  is  attained  due  to  the  reinforcement. 
Figure  18  shows  the  measured  loss  change 
against  the  temperature,  where  two-laver 
coated  fiber  without  nylon  coating  (  Refer 
to  Fig  14)  is  used  to  evaluate  the  loss 
increase  exactly  at  the  reinfoced  portion. 

No  loss  increase  is  found  in  the  temperature 
range  of  -30° C  to  6 (f  C.  Even  at  a  very 

low  temperature  of  -7Q"C,  the  loss  increase 
is  only  0 . 02dB/splice . 


Fig.  18  Temperature  dependence  of  loss 
increase  for  the  reinforced  splice  portion 
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0/1  (rad/m) 

Fig.  15  Relation  between  torsion  at  the 
fiber  end  and  torsion  applied  to  the 
coated  fiber  under  heat-cycle  test 


Fig.  16  Structure  of  a  new 
reinforcement  element 


Fig.  17  Weibull  plots  of  cumulative 
failure  probability  before  and  after 
reinforcement 
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The  most  important  criterion  for  the 
reinforcement  is  the  fiber  failure  proba¬ 
bility  at  the  reinforced  portion  during 
environmental  tests.  Heat-cycle  test 

was  made  for  splice  specimens  with  a 
torsion  of  one  turn,  as  shown  in  Fig. 19. 

The  test  condition  was  4  cycle/day  between 
-20 'C  and  bO°C. 

Thre  was  no  fiber  break  for  200  samples 
after  40  days  test.  The  tensile  strength 
after  the  heat  cycle  test  was  not  varied 
compared  with  that  before  the  test. 


5.4  Assurance  for  long-term  reliability 


In  order  to  assure  long-term  relia¬ 
bility  of  reinforced  portion,  it  is  useful 
to  reject  the  spliced  fiber  with  low 
strength  by  proof  testing®.  Various 

proof  stresses  were  examined  for  spliced 
portion.  Figure  20  shows  Weibull  plots 

of  the  fiber  breaking  strength  before  and 
after  proof  testing.  It  is  clear  that 

lew  strength  spliced  portion  is  removed 
by  the  proof  testing. 

When  a  spliced  fiber  after  proof 
testing  is  subjected  to  a  static  stress 
(Ts,  the  failure  probability  Fs  is  expressed 
by®. 


>v  '-'■‘■’L-vsV £7 


(1) 


where<Tp  is  the  proof  test  stress,  tp  is 
the  proof  test  time,  ts  is  the  failure 
time,  Np  is  the  failure  probability  during 
the  proof  testing,  n  is  the  constant  deter¬ 
mined  by  a  material  and  environment,  and 
m  is  the  constant  related  to  the  initial 
strength  distribution.  When  the  stress 
increases  at  a  constant  rate  q,  that  is 
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Solid  curves  in  Fig.  20  show  cumu¬ 
lative  failure  probability  distribution 
calculated  using  Eq.(3).  The  measured 

results  are  found  to  in  excellent  agree¬ 
ment  with  the  calcic  ..-d  results. 

When  the  stress  applied  to  a  fiber 
inside  the  reinforcement  element  is  given, 
relation  between  the  proof  stress  and 
failure  probability  after  proof  testing 
is  obtained  using  Eq.(l).  Figure  21 

shows  the  relation  between  Fs  and (Tp 
calculated  for  the  reinforcement  element 
described  in  5.2,  whereCTs  is  estimated 
as  5  kg/m m2.  Here,  the  following 

parameter  values  are  used;  n=22(  in  dry 
atmosphere),  m  =  4,  tp=6  sec,  and  ts=20  years. 

In  Fig.  21,  relation  between  Np  and 
(Tp  is  also  shown.  Splice  workability 
in  field  is  strongly  affected  by  the  value 


Fig.  19  Sample  for  heat-cycle  test 


Fig.  20  Weibull  plots  of  the  cumula¬ 
tive  failure  probability  for  spliced 
fibers  before  and  after  proof  testing 


Fig.  2!  Relation  between  Fs  and6^, 

and  that  between  Np  and  (T p 

(<7V.r5k/Vmm2 ,  nr?? ,  m  =  4 ,  t-p  =  ('SOc  ,  ts  =  20y ears  , 


of  Np.  It  is  concluded  from  the  figure 
that  the  failure  probability  for  20  years 
is  suppresed  below  10-5  and  workability  is 
not  so  degraded  by  the  proof  testing  with 
the  proof  stress  of  0.15  GPa(  180  g  for 
fiber  with  125  um  outer  diameter). 
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6. Conclusion 


Reference 


We  have  investigated  practical  optical 
fiber  splicing  technique  including  an  arc- 
fusion  apparatus,  a  fiber  cutting  tool,  and 
a  reinforcement  element  for  construction 
of  stable  and  reliaole  fiber  transmission 
lines.  As  a  result,  practical  and  high 

reliable  splicing  technique  has  been  esta¬ 
blished  as  follows; 

1)  A  stapler  type  cutting  tool  has  been 

developed.  The  weight  of  the  cutting 

tool  is  only  90  g.  The  average  breaking, 

angle  for  fiber  end  face  is  less  than  I". 

2)  A  semi-autcmatic  arc-fusion  splicing 

apparatus  has  been  devloped.  The  appara¬ 
tus  is  very  compact  and  the  main  operation 
is  made  automatically.  The  optimum 

fusion  conditions  such  as  pre-fusion  time 
and  stuffing  length  have  been  determined 

for  attaining  low  loss  splice.  In  the 
field  trial,  average  splice  loss  of  0.07dB 
is  accomplished  for  graded-index  fibers. 

3)  A  new  reinforcement  method  using  heat 
shrinkable  tube  has  been  developed.  The 
results  for  several  reliability  tests  are 
found  quite  satisfactory. 

4)  Proof  testing  is  applied  for  spliced 
portion  and  it  is  verified  that  the  failure 
probability  for  20  years  is  suppressed  below 
10-5  by  the  proof  testing  with  the  proof 
stress  of  180  g. 

These  techniques  are  also  applicable 
to  the  splice  of  single-mode  fiber  with 
some  modifications,  and  we  are  now  deve¬ 
loping  the  single-mode  fiber  splicing 
techniques  for  long-haul  high-bit-rate 
(e.q.  400Mb/s  )  optical  transmission 
systems . 
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ABSTRACT 


In  France,  among  the  loose  structure 
cables,  the  V-grooved  cylindrical  element 
has  emerged  as  the  indisputable  leader, 
and  the  mass-splicing  process  appears  well 
adapted  to  it. 

Although  the  cylindrical  shape  of  the 
cable  element  naturally  leads  to  the  adop¬ 
tion  of  cylindrical  splicing  parts,  the 
quality  required  in  groove  positioning  and 
fiber  coupling  with  this  particular  cylin¬ 
drical  approach  has  instigated  SAT  and 
SILEC  to  design  a  V-grooved  flat  splicing 
chip  moulded  from  a  polymer  resin. 

The  essential  advantage  of  this  de¬ 
sign  is  the  simplicity  of  the  mould  allow¬ 
ing  a  flat  chip  to  be  procuced  easily  and 
economically. 

A  special  moulded  plastic  adaptor 
plate  has  been  designed  to  transfer  ten 
fibe.rs  from  the  cylindrical  cable  struc- 
ture'.to  the  flat  chip. 

this  paper  describes  the  different 
splice  elements,  the  mechanized  splicing 
operation  and  a  field  splicing  set-up. 
Histograms  illustrating  the  results  ob¬ 
tained  over  several  hundreds  of  splices, 
are  also  provided. 

This  splicing  process  is  currently 
being  used  in  the  wired  city  of  BIARRITZ. 

In  conclusion,  a  concerted  effort  to 
achieve  simplicity  and  efficacy  in  the 
splice  component  design  and  the  splicing 
operation,  has  been  made  in  order  to  ensure 
optimal  reliability  and  cost  effectiveness., 

INTRODUCTION 

To  date,  studies  and  practical  appli¬ 
cations  carried  out  in  France,  have  proven 
the  indisputable  advantages  of  loose  struc¬ 
ture  cables  (1)  and  mass  splicing  methods 
(2). 

Thanks  to  its  modularity,  simplicity 
and  mechanical  and  thermal  characteristics, 
the  cylindrical  V-grooved  element  has  emer¬ 
ged  as  the  leader  among  the  various  fiber 
optic  cable  structures  (fig.1).  Moreover, 
it  is  well  adapted  to  the  simultaneous 
coupling  of  the  fibers  it  carries. 


Fig.  1  10-FIBER  CABLE  ELEMENT 


With  a  view  to  design  simplicity  and 
greater  cost-effectiveness,  the  CNET 
(Centre  National  d'Etudes  des  Telecommuni¬ 
cations)  together  with  French  industrialists 
have  undertaken  to  investigate  optical  fiber 
cable  technologies  and  to  establish  the 
most  suitable  splicing  methods  for  each 
cable  structure.  In  this  perspective,  the 
two  sister  companies  SAT  and  SILF.C  have 
studied  cables  with  a  cylindrical  V-grooved 
element  produced  by  direct  extrusion,  and 
have  obtained  spectacular  results  attesting 
to  the  top-performance  and  moderate  price 
of  the  design  concept. 

Concurrently,  mass  splicing  of  cylin¬ 
drical  grooved  cables  has  been  studied, 
and  it  is  widely  acknowledged  that  this 
splicing  method  offers  several  advantages 
(3),  most  notably  with  respect  to  quality 
(yielding  results  near  those  of  the  best 
individual  fusion  splices),  rapidity  and 
ease  of  handling  and  fine  joint  protection 
guaranteeing  excellent  resistance  through¬ 
out  time. 
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1.-  ADVANTAGES  OF  THE  FLAT  CHIT 
MASS-$PLICINC  TECHNIQUE 


It  is  already  a  well-known  fact  that 
the  mass  splicing  method  presents  the  ad¬ 
vantage  of  processing  all  the  fibers  of  a 
cable  element  simultaneously.  In  other 
words,  the  fibers  do  not  undergo  any  indi¬ 
vidual  operation  during  the  splicing  pro¬ 
cess,  from  the  time  they  are  removed  from 
the  grooved  cable  element  until  their  faces 
are  rectified  to  constitute  the  joint  sur¬ 
face. 

1.1. -  The  mass  splicing  procedure 
involves  the  following  main  operations  : 

-  removal  of  the  fibers  to  be  spliced  from 
the  grooved  element 

-  partial  removal  of  the  protective  coating 

-  positioning  and  bonding  of  the  fibers  on 
each  coupling  half-chip 

-  fine  grinding  of  the  fibers  and  the  half¬ 
chips  on  which  they  are  bonded 

-  application  of  an  index  matching  fluid 

-  joining  of  the  cable  elements  prepared 
in  this  manner 

-  fitting  of  the  outside  protection  enve¬ 
lopes  . 

1.2. -  The  cylindrical  form  of  the 
grooved  element  carrying  the  fibers  to  be 
spliced,  has  naturally  orientated  design 
engineers  towards  cylindrical  shaped  fiber 
coupling  elements.  To  achieve  minimum 
transmission  loss  with  mass  splicing,  the 
cylindrical  parts  supporting  the  fibers 
must  be  of  excellent  quality,  both  from  a 
geometrical  and  dimensional  point  of  view. 

Moreover,  the  reference  surfaces 
must  exhibit  a  very  slight  degree  of  rough¬ 
ness. 

1.3. -  Flat  chip  mass  splicing  consists 
of  a  main  splicing  chip  element  (part  on 
which  the  fibers  are  bonded)  which  is 
plane  and  parallelepipedic  in  shape.  This 
splicing  method  was  adopted  because  the 
manufacture  and  verification  of  this 
essential  part  involve  simple  and  reliable 
procedures . 

1.4. -  The  splicing  chip  (fig. 2)  is 
made  of  a  cold-curable  resin  with  two  com¬ 
ponents  with  an  80  %  silica  content. 


Fig.  2  FIBER  SPLICING  CHIP 

This  resin  offers  the  advantage  of 
having  exceptional  shrinkage  characteristics, 
a  low  thermal  expansion  coefficient,  excel¬ 
lent  mechanical  qualities  and  a  very  low 
moisture  absorption  factor.  The  mould  is 
filled  manually  by  means  of  a  spatule.  It 
is  a  parallelepipedic  cavity  whose  bottom 
surface  yields  the  grooves  destined  to 
receive  the  fibers.  On  either  side  of  this 
mould,  removable  metal  parts  allow  two  side 
slots  to  be  formed  for  accommodating  the 
realignment  cylinders.  The  mould  cover  it¬ 
self  does  not  play  any  decisive  role  in  the 
definition  of  the  specific  forms  of  the 
splicing  chip  support. 

Figure  3  shows  that  this  mould  can  be 
easily  manufactured  using  conventional  ma¬ 
chining  methods. 


i g .  3  CROSS  -SECTION  VIEW  OF  THE 
FIBER  SPLICING  CHIP  MOULD 

Moreover,  as  the  moulding  time  is 
short,  this  process  constitutes  an  econo¬ 
mical  means  of  producing  top-quality  parts. 

1.5.-  It  is  worthwhile  to  note  that 
the  term  "top-quality"  is  not  necessarily 
synonymous  with  "high  precision".  Indeed, 
when  splicing  optical  fibers,  their  ends 
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must  be  aligned  with  considerable  precision. 
This  is,  in  fact,  one  of  the  advantages  of 
this  splicing  process  which  allows  high 
precision  fiber  alignment  to  be  achieved 
without,  however,  requiring  a  highly  pre¬ 
cise  splicing  chip.  By  adopting  a  simple 
approach,  consisting  in  using  two  half- 
chips,  each  taken  from  a  single  original 
casting  which  is  reconstituted  by  applying 
realignment  cylinders  maintained  in  posi¬ 
tion  by  two  clips  (fig. 4),  the  resulting 
assembly  is  without  any  play  whatsoever. 

This  unique  process  ensures  fiber  slot 
continuity  from  one  half-chip  to  the  other 
without  calling  for  parts  having  tolerances 
identical  to  the  precision  required  for  the 
spl ice. 


Fig.  4  SPLICING  CHIP  RECONSTITUTION 
PRI  NCI  PIT: 

1.6.-  The  characteristics  required  of 
the  fiber  splicing  chip  are  as  follows  : 

1°1  It  must  feature  two  bearing 
lines  per  fiber  which  are  perfectly 
parallel  to  each  other  and  separat¬ 
ed  by  an  angle  a  from  60  to  100° 
l  f  i  g  •  5 )  . 

d°l  It  must  merely  exhibit  a  sur¬ 
face  quality  in  the  fiber  and  realign¬ 
ment  cylinder  slots  such  that  there 
is  a  maximum  number  of  points  of 
contact  over  the  bearing  lines. 


(I 


1.".-  It  was,  of  course,  necessary 
during  the  study  stage  and  prior  to  adop¬ 
ting  this  tvpe  of  flat  splicing  support 
definitively,  to  seek  a  simple  so lut 'on  for 
achieving  the  transfer  from  the  cylindrical 
fiber  arrangement  of  the  V-grooved  clement 
to  the  coplanar  fiber  configuration  of  the 
sp living  chip. 

A  fiber  adaptor  plate  was  there¬ 
fore  designed  to  he  fitted  to  the  cable 
element  renforccmcnt  rod.  This  moulded  adap¬ 
tor  plate  basical lv  consists  of  grooves 
arranged  so  as  to  transform  the  circular 
position  of  the  ten  fibers  into  a  coplanar 
disposition  with  the  inter-groove  distance 
on  the  adaptor  plate  corresponding  to  the 
inter-slot  distance  on  the  splicing  chip. 
Figure  6  illustrates  this  process.  In  order 
to  guide  the  fibers  into  the  grooves  of  the 
adaptor,  it  is  merely  necessary  to  slide 
the  elastic  0- rings  from  their  initial  posi¬ 
tion  on  the  cable  element  to  their  final 
position  on  the  flat  section  of  the  adaptor. 


cfSv 


h nr‘ 

Section  A  Section  B 


Adaptor  Plate 


)- 


Fig.  6  FIBER  COFl. ANAR  ARRANGEMENT 

Another  interesting  feature  of  this 
adaptor  plate  resides  in  the  fact  the  cables 
may  be  layed  in  any  way  without  having  to 
worry  about  the  clockwise  or  anticlockwise 
direction  of  the  fibers.  There  arc,  in  fact, 
two  kinds  of  configuration  adaptors  available. 
They  both  have  symmetrical  shapes  but  differ 
in  color. 

Figures  ?a  and  ~h  provide  simplified 
diagrams  of  the  differences  in  configuration 
between  the  two  adaptor  plates. 


Fig. 5  FIBER  BEARING  LINES 
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Fig. 'a  ADAPTOR  PRINCIPLE  FOR  CABLES 
LAID  WITH  THE  SAME  FIBER 
DIRECTION 


Fig. "b  ADAPTOR  PRINCIPLE  FOR  CABLES 
LAID  WITH  THE  OPPOSITE  FIBER 
DIRECTION 

As  can  be  seen,  the  use  of  two  adap¬ 
tors  with  the  same  fiber  groove  configura¬ 
tion  and  therefore,  the  same  color,  allows 
the  fibers  to  be  properly  concorded  with 
one  another  for  the  splicing  operation 
when  the  two  cables  to  be  coupled  have  been 
laved  in  the  opposite  direction. 

I. 8.-  Once  the  fibers  are  positioned 
in  a  coplanar  arrangement,  their  coating  is 
removed  bv  a  chemical  process  followed  by 
a  wiping  operation  (this  process  is  well 
known).  The  flat  end  of  each  adaptor  is 
bonded  onto  the  end  of  the  splicing  half¬ 
chip,  thereby  fixing  the  fibers  automatical¬ 
ly'  into  their  slots.  They  are  held  in  posi¬ 
tion  during  the  bonding  operation  using 
mechanical  fittings. 

The  fibers  and  half-chips  under¬ 
go  a  single  rectification  pass  on  a  machine 
specially  designed  for  this  purpose.  It 
features  a  disk  set  with  diamonds  over  two 
concentric  areas  with  different  granulome¬ 
tries.  This  allows  a  single  rectification 
pass  to  be  performed,  consisting  of  a  rough 
preliminary  and  finishing  operation. 

The  above  constitutes  a  brief 
summary  of  the  flat-chip  mass  splicing 
technique  for  joining  two  cylindrical  V- 
grooved  optical  fiber  elements.  Figure  8 
provides  a  simplifi  d  diagram  of  a  complete 
spl ice . 


Fig. 8  10-FIBER  MASS  SPLICING 

2 .  -  SPLICE  COMPOSITION 

A  splice  consists  of  the  following  ele¬ 
ments  (listed  in  the  order  of  their  assem¬ 
bly)  : 

-  two  cable  elements  la  and  1b  to  be  joined 

-  two  crimped  collars  2a  and  2b 
-2x2  elastic  O-rings  3a  and  ?b 

-  two  adaptor  plates  4a  and  4b 

-  two  coupling  half-chips  5a  and  5b 

-  two  realignment  cylinders  6a  and  bb 

-  two  clips  "a  and  7b 

-  a  longitudinal  clip  8 

-  two  half-cases  9a  and  9b 

3. -  SPLICING  PROCESS 

The  splicing  operation  is  performed  in 
the  following  steps  : 

-  Parts  2a,  2b,  3a  and  3b  are  initially 
slipped  onto  the  cable  element. 

-  The  tapes  maintaining  the  fibers  in  the 
element  grooves  are  removed  over  a  length 
sufficient  for  enabling  the  fibers  to  be 
drawn  out. 

-  The  cable  element  is  then  cut  and  its 
inner  rod  exposed  over  a  few  millimeters 
in  order  to  fit  the  adaptor  plate  onto 
the  rod. 

-  The  adaptor  plates  are  then  bonded  onto 
the  cable  element  reinforcement  rod. 

-  The  fibers  are  set  in  the  coplanar  arrange¬ 
ment  by  rolling  the  O-rings  along  the 
adaptor  plates. 
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-  The  fibers  are  stripped  of  their  coat  ini; 
hv  applying  a  dilating  chemical  agent 
followed  by  an  overall  wiping  opeiation. 

-  The  flat  ends  of  the  adaptors  are  bonded 
onto  the  ends  of  the  coupling  half-chips. 

-  The  fibers  are  bonded  in  their  slots  on 
the  coupling  half-chips  (see  Note  11. 

-  The  fiber  ends  together  with  the  half¬ 
chips  are  f i no- g rounded  so  as  to  prepare 
the  surfaces  to  be  joined. 

-  They  are  u 1 1 rason i ca 1  lv  cleaned. 

-  The  two  element  ends  fitted  with  their 
coupling  half-chips  are  then  joined  using 
two  cylinders  and  two  side  clips  (an  index 
matching  fluid  is  applied  between  the  two 
rec  t i f i ed  faces  I . 

-  The  longitudinal  clip  is  fitted  to  main¬ 
tain  the  position  of  the  two  half-chips 
applied  one  against  the  other. 

-  The  two-part  protective  casing  is  applied 
and  fitted  onto  the  cable  element  by 
means  of  crimped  collars. 

Note  1  :  When  the  operator  is  making  a 

splice,  he  uses  fiber  chip  supports 
fitted  with  a  breaking  initiator 
as  shown  in  Figure  9.  lie  merely 
has  to  separate  the  two  parts  hv 
pressing  lightly  by  hand. 


Fig.  9  CHIP  SUPPORTS  WITH  .A 
BREAKING  INITIATOR 

4.-  SPLICING  STATION 

It  is  important  to  note  that  the  oper¬ 
ations  are  mechanized  such  that  the  opera¬ 
tor  needs  no  particular  skill  to  perform 
the  fitting,  alignment  and  assembly  opera¬ 
tions  required  in  making  this  mass  splice. 

He  uses  a  specially  designed  splicing 
set-up  as  shown  in  Figure  10. 


t 


Fig.  io  nan  splicing  station 

This  equipment  basically  includes  the 
following  : 

al  two  fiber  stripping  devices 

b)  two  tools  for  bonding  the  fibers  onto 
the  half -chips 

c)  a  device  for  holding,  positioning  and 
guiding  the  various  splice  elements 
(realignment  cylinder,  clips...) 

d)  a  special  rectifying  (grinding)  machine 

e)  an  ultrasonic  cleaning  set-up. 

The  entire  set-up  is  adjustable  in 
height,  thereby  enabling  the  operator  to 
work  standing  or  seated. 

S.-  DURATION  OF  THE  MASS  SPLICING 
OPERATIONS 

The  Time  required  for  a  single  opera¬ 
tor  to  splice  the  fibers  of  two  single¬ 
element  cables  is  approximately  one  hour. 

However,  other  factors  external  to  the 
splice  operation  itself  such  as  work  site 
conditions  (loading,  unloading,  man-hole 
preparation,  etc...)  may  be  somewhat  long. 

Once  access  to  the  cable  is  achieved 
and  the  splicing  equipment  installed,  the 
coupling  of  a  7-element  cable  and  its  pro¬ 
tection  is  executed  in  one  day  (approximate¬ 
ly  “  hours)  . 
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ti .  -  fxitkimi  n ; ,\i  results 

Thusfar,  our  experiments  have  been 
performed  on  graded  index  fibers  (50/125). 
The  measurements  are  generally  made  using 
the  backseat  ter  ing  method  with  a  system 
manufactured  by  our  company  (known  as  the 
U  til  system). 

ti .  1  .  -  l.ahoratory  fx  peri  merits 

n  .  1  .  1  .  -  A  considerable  number  of 
splices  have  been  made  in  our  laboratories. 
They  have  been  performed  on  fibers  cut  in 
two  and  then,  mass-spliced  together  in  or¬ 
der  to  establish  the  attenuation  losses  due 
to  the  splicing  operation.  The  mininum 
length  of  fiber  on  either  side  of  the 
splice  was  approximately  800  meters. 

figure  11  provides  a  histogram  of  these 
test  results. 


Nb  ol  splices 

Mass  Splicing  with  Extreme  Dimensional 
Fiber  Vanations 


N 

100 

X 

0.51  dB 

ax 

0  20  dB 

Mini 

0  20  dB 

Maxi 

1.12  dB 

Attenuation  (dB) 


Tig.  12  HISTOGRAM  OF  LABORATORY 
MASS  SPLICING  RESULTS 


(i.2.-  Field  Experiments 


T  N  b  of  splices 


Fig.  11  HISTOGRAM  OF  LABORATORY 
MASS  SPLICING  RESULTS 

6.1.2.-  A  series  of  experiments 
was  performed  on  cable  elements  with  fibers 
character i :cd  by  extreme  dimensional 
variations  limited  by  the  following  toler¬ 
ances  . 


6.2.1.-  Field  experiments  have  been 
performed  on  several  sites.  The  first  of 
these  consisted  in  cutting  a  cable,  and 
then  courting  it  by  the  mass-splicing  me¬ 
thod,  which  simply  means  that  the  fibers 
that  were  cut,  were  the  same  as  those  that 
were  then  spliced.  The  measurement  results 
are  provided  in  the  histogram  of  Figure  15. 


N  b  of  splices 

Cable  Fibers  Cut  in  Two  and 
Mass  -  Spliced  together 


or  03 


N  21 

X  0.22  dB 
(7X  0.10  dB 

Mini  0.10  dB 
Maxi  0.50  dB 

ra 

Attenuation  (dB) 


Cladding  diameter  :  125  ±  2  urn 

Core  :  50+5  urn 

Excentricity  :  2.5  urn  max. 

Figure  12  illustrates  the  histogram  of 
this  series  of  experiments. 


Fig.  13  HISTOGRAM  OF  FIELD  MASS 
SPLICING  RESULTS 

6.2.2.-  A  second  experiment  con¬ 
sisted  in  splicing  two  cables  from  two 
different  manufacturers  (SAT  and  SILEC) 
containing  fibers  from  different  suppliers 
as  well  (F01  -  CLTO  -  CORNING). 
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Each  cable  contained  7  elements  with 
each  element  including  3  fibers.  The  31 
fibers  were  spliced  according  to  the  mass¬ 
splicing  technique  with  the  following 
combinations  of  fibers  :  FOI  +  CI.TO, 

FOI  +  CORNING,  CI.TO  +  CORNING. 

The  measurements  were  performed  at 
each  cable  end  using  the  backs cattering 
method  and  the  mean  values  were  calculated. 
The  results  are  provided  in  the  Figure  14 
h istogram. 
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Fig.  14  HISTOGRAM  OF  FIELD  MASS 
SPLICING  RESULTS 


CONCLUSION 


The  mass-splicing  techniques  developed 
thusfar  have  already  proven  particularly 
advantageous  when  coupling  a  large  number 
of  fibers  contained  in  cylindrical  V-grooved 
elements.  The  use  of  flat  chips  for  the 
fiber  splicing  and  adaptor  plates  for  adap¬ 
ting  the  cylindrical  element  fiber  arrange¬ 
ment  to  the  flat  chip  position,  results  in 
a  simplification  of  the  fiber  splicing 
technique,  thereby  reducing  costs  and 
greatly  increasing  reliability. 

This  process,  developed  more  than  a 
year  ago,  is  currently  being  used,  in 
particular,  in  the  Biarritz  project  where 
30  1  of  the  fiber  optic  cables  (3000  km  of 
installed  fibers)  are  to  be  spliced  using 
this  method. 
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TEST  RESULTS  OF  MULTICHANNEL  HERMAPHRODITIC  OPTICAL 
CONNECTORS  DEVELOPED  FOR  THE  US  ARMY 

BY 
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U.S.  Army  Communications-Electronics  Command 
Fort  Monmouth,  New  Jersey  07703 


ABSTRACT 

In  order  for  the  U.S.  Army  to  benefit  from  the 
fiber  optic  technology,  the  Center  for  Communica¬ 
tions  Systems  (CENCOMS)  of  the  Communications-Elec- 
tronics  Command  (CECOM)  has  supported  a  number  of 
exploratory  programs  for  the  design  and  development 
of  prototype  six  channel  hermaphroditic  butt-joint 
connector  plugs  and  bulkhead  receptacles  required 
to  meet  the  harsh  conditions  of  the  tactical  field 
environment.  In  this  paper,  the  requirements  that 
a  tactical  connector  should  meet  will  be  described. 
In  addition,  the  test  results  obtained  by  uniformly 
testing  the  prototype  connectors  manufactured  by 
Bell  Northern  Research,  Hughes  Aircraft  Company 
TRW  Eastern  Research  Laboratories,  ITT-Cannon  and 
ITT-STL  (Ptarmigan)  will  be  reported.  The  proto¬ 
types  manufactured  by  ITT-STL  (Ptarmigan)  are  of  a 
two  channel  lens  design  and  were  delivered  under 
the  GAC-1  for  use  in  operational  testing  of  fiber 
equipment  at  Fort  Benning  and  Fort  Gordon,  Georgia. 

INTRODUCTION  ' 

Tactical  fiber  optic  communications  links  re¬ 
quire  the  use  of  cable  assemblies  in  order  to  meet 
the  rapid  deployment  and  mobility  requirements. 

The  cable  assemblies  used  by  the  Army  consist  of 
0.3  or  1.0  km  of  ruggedized  fiber  optic  cables  ter¬ 
minated  at  each  end  with  a  hermaphroditic  connector. 
The  technical  guidelines  used  in  the  development 
of  the  prototype  tactical  hermaphroditic  connectors 
included  the  following  requirements  listed  in 
Table  1. 

TABLE  1 

TACTICAL  CONNECTOR  REQUIREMENTS  (1) 

o  Hermaphroditic 
o  Ruggedized 
o  Repetitive  Mating 
o  Impact 
o  Flex  Strength 
o  Tensile  Strength 
o  Shock 

o  Simple  (Assemble  &  Repair) 
o  Vibration 

o  Coupling  Nut  Rotation 
o  Moisture  Proof 
o  Temperature  Cycling 
o  Thermal  Shock 
o  High  &  Low  Temperature 
o  Fluid  Immersion 
o  Salt  Fog  Proof 


TABLE  1  (Cont) 

o  Mud  Proof 
o  Field  Cleanable 
o  Sand  and  Dust 
o  Insertion  Loss  2  dB  max 
o  Reasonably  Priced 

At  the  time  of  initiation  of  the  exploratory  work 
for  the  development  of  tactical  connectors  standard 
methods  were  not  available  for  use  in  the  connector 
evaluation.  In  order  to  expedite  the  progress  and 
development,  a  decision  was  made  to  allow  the  vari¬ 
ous  manufacturers  to  use  the  available  test  equi- 
ment  and  known  measurement  procedures  for  the  eval¬ 
uation  of  the  prototype  connectors.  At  the  time 
the  prototype  connectors  were  delivered  it  was  con¬ 
sidered  necessary  to  uniformly  evaluate  them  in  or¬ 
der  to  select  the  best  for  use  in  tactical  environ¬ 
ment. 

The  most  critical  requirements  were  selected  and 
included  in  the  test  plan  that  was  to  be  followed 
throughout  the  evaluation.  That  is:  (1)  insertion 
loss,  (2)  repetitive  matings,  (3)  temperature  cyc¬ 
ling,  (4)  strain  relief  flexing  and  (5)  tensile 
strength.  In  addition  to  the  above  quantitative 
tests,  a  number  of  qualitative  observations  was 
made  with  respect  to;  (1)  mating  forces,  (2)  align¬ 
ment  ease,  (3)  mismating,  (4)  cleaning,  (5)  hand¬ 
ling  damage  and  (6)  human  factors.  The  test  re¬ 
sults  are  addressed  in  this  paper. 

OPTICAL  CONNECTOR  ENVIRONMENTAL  AND 
—  MECHANICAL  REQUIREMENTS 

One  of  the  basic  requirements  that  a  tactical  fiber 
optic  connector  has  to  meet  is  to  be  hermaphroditic 
so  that  when  installed  on  cable  assemblies  it  can 
mate  with  the  connector  at  the  adjacent  cable  end 
without  the  use  of  any  special  tool  or  interfacing 
part. 

In  addition  the  connector  should  be  ruggedized  in 
order  to  survive  handling  under  rapid  deployment 
in  mobile  situations.  The  connector  shell  shall 
alsc  be  rugged  enough  to  withstand  extensive  com¬ 
pressive  forces  similar  to  those  experimental  when 
run-over  by  extra  heavy  vehicles. 

The  connector  design  must  be  simple  enough  in  order 
to  facilitate  field  assembly  and  repair  by  field 
technicians  in  a  depot  or  a  mobile  van.  Very  basic, 
not  complicated,  ruggedized  and  inexpensive  equip- 
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merit  must  be  used. 

Since  the  fiber  optic  links  will  be  deployed  in  op¬ 
en  terrain  of  highly  variable  climatic  conditions, 
it  is  necessary  that  temperature  cycling  does  not 
contribute  to  deterioration  of  the  materials  used 
to  build  the  connector  shell,  fiber  alignment  fer¬ 
rule,  seals,  cable  strain  relief,  optical  fiber, 
and  epoxy  used  in  assembling  the  connector.  The 
temperature  fluctuation  used  in  a  testing  program 
should  also  simulate  cable  assembly  performance 
during  storage  and  transportation. 

In  situations  where  the  cable  assemblies  are  exposed 
to  significantly  low  or  high  temperature  environ¬ 
ment,  it  is  required  that  thermal  shock  performance 
of  the  connector  not  significantly  contribute  to  the 
changes  in  performance  of  the  cable  assembly.  The 
materials  used  in  the  connector  have  to  be  properly 
selected  and  should  have  compatible  thermal  expan¬ 
sion  coefficients  in  order  for  the  fiber  to  remain 
in  the  ferrule  and  not  creep  out  of  the  ferrule. 

The  connector  shell  and  face  should  be  humidity  and 
moisture  proof  so  that  the  permeation  of  any  liquid 
into  the  inside  of  the  connector  be  precluded.  It 
is  known  that  once  water  reaches  the  inner  portion 
of  the  connector  its  failure  becomes  unavoidable. 

It  should  also  be  noted  that  he  materials  used  for 
the  connector  parts  are  corrosion  proof  and  not  sub¬ 
ject  to  swelling  due  to  absorption  of  oil  or  other 
lubricants.  The  optical  surface  as  well  as  the  con¬ 
nector  shell  should  be  capable  of  resisting  the  ef¬ 
fects  of  dry  dust  (fine  sand).  It  should  be  empha¬ 
sized  that  the  optical  surface  of  the  connector 
should  survive  this  severe  test. 

The  connector  should  also  be  designed  to  withstand 
immersion  in  certain  fluids  with  which  it  may  come 
in  contact  during  its  service  life. 

The  materials  used  in  making  the  connector  shall  be 
properly  selected  so  that  they  inhibit  fungus  growth. 

The  connector  shall  be  designed  to  pass  the  vibra¬ 
tion  test  which  simulates  transportation  as  well  as 
tactical  environment  conditions  and  rough  handling. 
The  material  used  for  the  coupling  ring  and  connec¬ 
tor  shell  shall  be  selected  so  that  it  does  not 
flake  due  to  mating  and  remating  of  the  connector. 

The  optical  surface  of  the  connector  shall  be  field 
cleanalbe  without  the  need  of  a  special  tool  kit  or 
chemicals. 

OPTICAL  REQUIREMENTS  (2) 

The  test  plan  followed  for  the  uniform  evaluation 
of  the  prototype  connectors  includes  the  following 
basic  quantitative  tests: 

1.  absolute  insertion  loss  -  normal  mating 

2.  differential  insertion  loss  -  repetitive 
mating 

3.  temperature  eye  1  ing 

4.  strain  relief  flexing 


5.  tensile  stress 

-  cable  to  connector 

-  connector  to  connector 

It  should  be  emphasized  that  the  connectors  were  in¬ 
stalled  by  the  connector  developers  on  government 
furnished  cable.  Six  fiber  cables  were  used  for 
TRW,  BNR,  HUGHES  and  ITT-CANNON.  Two  fiber  cable 
was  used  for  ITT-STL  (Ptarmigan). 

The  ITT-STL  (Ptarmigan)  connectors  had  previously 
undergone  field  testing  at  Fort  Benning  and  Fort 
Gordon,  Georgia.  All  the  other  connector  samples 
used  in  this  program  were  new. 

INSERTION  LOSS  MEASUREMENTS (3) 

The  insertion  loss  measurements  were  performed  by 
establishing  equilibrium  mode  distribution  or  steady 
state  for  both  launch  and  receive  conditions.  This 
mode  distribution  also  approximates  the  conditions 
expected  in  tactical  deployment  where  the  optical 
connectors  will  be  used.  Equilibrium  mode  distribu¬ 
tion  was  achieved  by  using  1  km,  six  fiber  cable 
preceding  the  connector  under  evaluation  and  an 
equilibrium  mode  filter  following  the  connector. 

The  mode  filter  consisted  of  a  mandrel  wrap  followed 
by  a  mode  stripper.  The  mandrel  wrap  was  five  turns 
around  a  1.3  cm.  o.d.  mandrel.  For  the  mode  strip¬ 
per,  8  cm  of  the  fiber  buffering  were  removed  down 
to  cladding,  and  the  fiber  covered  by  index  matching 
oil.  The  purpose  of  the  equilibrium  mode  simulator, 
following  the  connector,  was  to  remove  higher  order 
modes  that  might  be  excited  by  the  connector  and 
spl ices. 

Light  emitting  diodes  (LEDs)  and  silicon  PIN  detec¬ 
tors  operating  at  850  nm  were  used  in  the  instrumen¬ 
tation  circuitry  of  each  channel.  The  instrumenta¬ 
tion  included  six  transmitters  and  twelve  receivers 
so  that  the  connector  insertion  loss  and  the  varia¬ 
tions  in  transmitter  power  could  be  monitored  at  the 
same  time. 


ABSOLUTE  INSERTION  LOSS  -  NORMAL  MATING 


The  insertion 

loss  of  the 

connectors  as 

received 

summarized  in 

Table  2. 

TABLE 

_2 

CONNECTOR 

AVERAGE 

STANDARD 

PROTOTYPES 

INSERTION 

DEVIATION 

SAMPLE 

BY 

LOSS  (dB) 

(dB) 

SIZE 

BNR 

1.74 

0.92 

141 

HUGHES 

1.57 

0.94 

136 

ITT-CANNON 

3.42 

1.67 

136 

ITT-STL 

3.17 

1.04 

36 

TRW 

3.65 

2.37 

51 

To  simulate  multiple  deployment  conditions,  each 
connector  half  tested  was  connected  as  transmitting 
and  as  receiving  side  with  every  other  connector 
half  of  that  type.  Each  pair  was  mated  and  measured 
ten  times  and  the  readings  averaged.  Thus,  each 
sample  included  in  Table  2  represents  10  measure¬ 
ments  of  insertion  loss. 
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DIFFERENTIAL  INSERTION  LOSS  -  REPETITIVE  MATINGS 

The  connectors'  mating  durability  and  optical  per¬ 
formance  were  evaluated  by  repeated  matings  of  the 
same  connector  pair  while  measuring  the  insertion 
loss.  The  insertion  loss  was  measured  every  100 
matings  until  1000  matings  were  completed  see  Fig¬ 
ure  1.  The  performance  of  the  best  and  worst  chan¬ 
nel  in  the  connector  is  shown.  By  performing  this 
test,  the  mechanical  durability,  fiber  alignment 
mechanisms  and  their  influence  on  variations  in 
insertion  loss  were  assessed.  The  differential 
insertion  loss  results  for  the  repetitive  mating 
tests  are  summarized  in  Table  3. 

TABLE  3 

REPETITIVE  MATING  TEST 
DIFFERENTIAL  LOSS  STATISTICS 


AVERAGE 

STANDARD 

DIFFERENTIAL 

DEVIATION 

LOSS  (dB) 

(dB) 

TRW 

1.28 

2.02 

BNR 

-.05 

.27 

HUGHES 

1.01 

2.24 

ITT-STL 

•141 

.30. 

.491 

ITT  CANNON 

•  231 

1 

DATA  FROM  BROKEN 

CHANNEL  EXCLUDED 

TEMPERATURE 

CYCLING 

The  prototype  connectors  were  evaluted  under  temp¬ 
erature  cycling  conditions  in  order  to  determine 
variations  in  their  optical  and  mechanical  charac¬ 
teristics  resulting  from  the  exposure  to  tempera¬ 
ture  extremes.  The  temperature  cycle  included  in¬ 
sertion  loss  measurements  at  25°C,  -55°C,  25°C, 
85°C  and  back  to  25°C.  This  cycle  was  repeated 
five  times  with  the  results  summarized  in  Table  4. 
The  differential  insertion  loss  versus  temperature 
cycle  is  shown  in  Figure  2.  BNR  and  Hughes  con¬ 
nectors  were  selected  for  this  test  because  of 
their  superior  performance  in  the  insertion  loss 
test.  The  ITT-CANN0N  connector  was  added  later 
because  of  the  needs  of  another  program. 

TABLE  4 

TEMPERATURE  CYCLING  TESTS 
DIFFERENTIAL  LOSS  STATISTICS  (dB) 

-55°C  25°C  85°C 


x  xx 


BNR 

0.43 

0.25 

f0. 29 
+0.20 

0.25 

0.20 

0.24 

0.19 

HUGHES 

1.15 

1.33 

t0. 75 
+0.37 

1.24 

0.84 

0.27 

0.91 

ITT- 

2.91 

3.08 

t2.00 

2.45 

0.70 

1.88 

CANNON  +0.91  1.79 

♦  -  rising  temperature 
+  -  falling  temperature 


Additional  tests  were  performed  in  order  to  deter¬ 
mine  the  effects  of  cable  flexing  on  the  connec¬ 
tor’s  strain  relief  tie  off,  for  effects  of  connec¬ 
tor  to  connector  tensile  stress  and  for  cable  to 
connector  tensile  stress.  Tables  5  and  6  show  the 
average  differential  insertion  loss  versus  flexing 
and  tenile  stress  respectively. 

The  results  showed  no  significant  effects  upon  the 
optical  and  mechanical  performance  of  any  of  the 
connectors. 

STRAIN  RELIEF  FLEXING  TESTS 
DIFFERENTIAL  LOSS  STATISTICS 

Average  Differential  Standard 


Loss  (dB)  Deviation  (c 

TRW 

.00 

.03 

BNR 

-.01 

.03 

HUGHES 

.02 

.09 

PTARMIGAN 

.05 

.05 

ITT 

-.01 

.09 

TABLE  5 

TENSILE  STRENGTH  TESTS 
FIBER  OPTIC  CABLES 
AVERAGE  DIFFERENTIAL  LOSS 

50  kg  100  kq 

150  kg 

BNR 

-.03  dB  -.04  dB 

-.01  dB 

HUGHES 

.03  dB  .05  dB 

.06  dB 

TABLE  6 


QUALITATIVE  TESTS 

During  sample  preparation  and  testing  there  were 
certain  observations  made  by  the  personnel  respon¬ 
sible  for  the  connector  evaluation.  The  following 
qualitative  tests  were  performed  on  the  connectors 
in  order  to  determine  their  characteristics. 

o  mating  forces 
o  al ignment  ease 
o  mismating 
o  cleanability 
o  handling  damage 
o  human  factors 
o  additional  factors 

MATING  FORCES 

It  was  determined  that  the  hardest  connector  to 
mate  was  the  ITT-STL  (Ptarmigan)  due  to  a  very  high 
compressive  force.  The  required  force  to  mate  the 
connector  is  dependent  on  the  spring  constant  of 
the  spring  used  in  the  connector  shell.  This  defi¬ 
ciency  can  be  very  easily  corrected. 
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BNB  o-MBtR  CONNECTOR 


REPETITIVE  MATING  TEST 


HUGHES  6  MKH  CONNECTOR 


REPETITIVE  MATING  TEST 
PTARMIGAN  2-FIBER  CONNECTOR 


HATING  CVCIES 


Figure  1.  Insertion  Loss  (dB)  vs  Mating  Cycles 
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TEMPERATURE  CYCLING  TEST 


HUGHES  6-FIBER  CONNECTOR 


ITT  CANNON  6-FIBER  CONNECTOR 


.  Differential  Insertion  Loss  (dB)  vs  Temperature  Cycle 
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ALIGNMENT  FORCES 

The  connector  develcped  by  ITT-CANNON  was  consid¬ 
ered  as  the  easiest  to  align,  visually  or  by  touch, 
because  of  the  two  semi-cylinders  on  each  half. 

The  ITT-STL  (Ptarmigan)  is  also  easily  aligned  by 
its  half-cylindrical  sleeve  on  each  half,  but  the 
locking  lugs  are  more  difficult  to  align  than  that 
of  ITT-CANNON.  The  TRW  connector  is  also  easily 
aligned  because  of  the  particular  shape  and  mas¬ 
sive  size  of  the  connector  halves.  However,  the 
locking  rings  must  be  tightened  one  after  the  other, 
which  may  be  confusing.  The  BNR  connector  is  the 
next  most  difficult  to  align  even  though  the  pro¬ 
truding  bosses  are  of  different  shapes  to  prevent 
mismatching.  The  white  dots  were  a  good  visual 
alignment  indicator  but  alignment  by  touch  was  not 
possible.  The  most  difficult  to  align  was  the 
Hughes  connector  because  of  the  multiple  alignment 
dots  which  have  poor  contrast  in  normal  lighting, 
the  similarly  shaped  alignment  lugs  (which  made 
mismating  very  easy)  and  the  precise  manipulation 
required  of  the  coupling  ring. 

MISMATING  CHARACTERISTICS 

It  was  determined  that  the  Hughes  connector  is  the 
most  easily  mismatched  by  not  completely  tighten¬ 
ing  the  coupling  rings.  The  ITT-STL  (Ptarmigan) 
because  of  the  high  force  required,  could  be 
thought  to  be  mated  even  though  the  locking  was  not 
completed.  Also,  the  BNR  could  not  be  fully  mated 
if  the  unused  locking  ring  was  not  completely 
backed  off  the  threads.  The  connector  by  ITT-CAN¬ 
NON  could  not  be  mismated  unless  extreme  force  was 
applied  to  bend  the  alignment  sleeves. 

CLEANABILITY 

The  connector  by  ITT-STL  (Ptarmigan),  lens  connec¬ 
tor  design,  can  be  easily  and  quickly  cleaned  in 
the  field.  All  the  other  connectors  would  require 
special  tools,  kits  or  use  of  liquids  to  be  field 
cleanable. 

HANDLING  DAMAGE 

The  fibers  in  the  four  rod  alignment  guide  employed 
in  the  TRW  connector  were  prone  to  damage  during 
handling  since  they  are  lying  free  in  one  of  the 
cusps  that  the  glass  guide  forms.  The  Hughes  con¬ 
nector  could  be  damaged  by  forcing  a  mismating  or 
dropping  an  uncovered  connector  half.  The  ITT-STL 
(Ptarmigan)  and  the  ITT-CANNON  half  cylinder 
sleeves  could  also  be  damaged  if  dropped  on  a  hard 
surface.  The  BNR  connector  appeared  to  be  the 
least  susceptible  to  handling  damage. 

HUMAN  FACTORS 

The  multiple  alignment  dots,  and  their  poor  visi¬ 
bility  in  low  light  levels,  made  the  Hughes  connec¬ 
tor  potentially  confusing  to  mate.  The  precise 
manipulation  of  the  coupling  rings  was  also  a  po¬ 
tential  source  of  error.  The  TRW  connector  re¬ 
quires  multiple  tur,.*  of  the  coupling  ring  while 
pushing  a  somewhat  difficult  maneuver  in  tactical 
conditions.  The  high  forces  required  to  mate  the 


ITT-STL  (Ptarmigan)  connector  can  be  frustrated  to 
some  personnel.  The  BNR  connector  also  requires 
several  turns  to  lock,  but  is  small  light  weight 
and  easy  to  mate.  The  ITT-CANNON  is  easily  aligned, 
mated  and  tightened  since  it  uses  a  proven  military 
backshell  for  the  connector. 

ADDITIONAL  OBSERVATIONS 

The  increased  losses  of  the  Hughes  connector  during 
the  temperature  cycling  tests  were  caused  by  the 
gradual  protrudence  of  all  the  fibers  from  the  ter¬ 
minating  ferrules  as  the  fiber  and  buffer  expanded 
and  contracted.  The  epoxy  used  to  hold  the  fiber 
in  the  ferrule  tip  did  not  retain  the  fiber  in  the 
ferrule  during  the  temperature  cycling.  The  ITT- 
CANNON  connector  lost  one  channel  out  of  six  during 
the  temperature  cycling  tests  when  fiber  broke  just 
behind  the  watch  jewel  in  the  ferrule. 

The  ITT-CANNON  and  Hughes  connectors  had  similar 
problems  when  flakes  of  metal  from  the  guide  sleeves 
were  scraped  off  during  repetitive  matings  and 
lodged  on  optica?  interface. 

CONCLUSION 

The  test  results  obtained  thus  far  under  uniform 
testing  conditions  lead  us  to  conclude  that  the 
evaluated  prototype  connectors  are  close  to  meet¬ 
ing  the  tactical  requirements.  Each  connector  de¬ 
sign  has  desired  advantages  and  in  at  least  one 
area  there  is  need  for  improvement. 

The  connector  developed  by  BNR  performed  consis¬ 
tently  during  temperature  cycling,  repetitive  mat¬ 
ing  and  the  best  and  worst  channels  performed  con¬ 
sistently  close  throughout  the  evaluation.  This 
shows  that  the  ferrule  used  for  the  fiber  alignment 
was  precisely  made  and  that  the  materials  used  for 
it  were  properly  selected.  The  effects  of  the 
human  factor  in  connector  assembly  seemed  to  have 
been  minimized.  The  connector  back  shell  is  a 
special  design  for  fiber  optic  applications  which 
shows  that  there  is  always  room  for  innovation. 

The  connector  developed  by  Hughes  exhibited  inser¬ 
tion  loss  under  normal  conditions  0.17dB  lower 
than  the  connector  by  BNR,  but  did  not  consistently 
perform  during  or  after  the  repetitive  mating  or 
temperature  cycling  tests.  The  inconsistency  in 
performance  indicates  that  the  fiber  ferrule  inter¬ 
face  needs  improvement  possibly  in  the  area  of 
materials  used  in  securing  the  fiber  in  the  ferrule 
or  possibly  in  connector  assembly  methods.  The 
large  deviation  in  performance  between  best  and 
worst  channel  in  the  same  connector  shows  that 
there  is  need  for  improvement  and  minimization  of 
the  human  factor  and  or  the  technique  used  for 
fiber  ferrule  termination. 

The  above  two  butt-joint  connectors  are  the  most 
promising  connector  designs  known  today,  closest 
to  meeting  the  tactical  connector  requirements. 

The  lens  connector  developed  by  ITT-STL  (Ptarmigan) 
has  insertion  loss  higher  than  the  BNR  and  Hughes 
connectors  but  is  easily  field  cleanable.  A  field 
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cleanable  connector  with  consistent  performance  can 
be  easily  considered  for  use  in  certain  applica¬ 
tions  even  though  the  insertion  loss  is  higher  than 
the  known  butt-joint  connectors. 

It  is  worth  mentioning  that  the  progress  achieved 
today  in  the  area  of  fiber  optic  connector  for 
tactical  applications  is  remarkable  considering 
the  rapid  evolution  of  fiber  optic  technology.  As 
a  recommendation  to  both  fibe1"  and  connector  manu¬ 
facturers  it  is  necessary  to  emphasize  that  the 
U.S.  Army  will  in  the  near  future  be  purchasing 
tactical  fiber  optic  cable  assemblies  not  indivi¬ 
dual  cables  or  connectors.  Therefore,  it  would 
be  to  the  advantage  of  every  party  concerned  to 
increase  the  degree  of  cooperation  in  order  to  im¬ 
prove  their  respective  products  and  expedite  the 
advancement  of  this  technology  in  addition  to  as¬ 
sisting  in  the  timely  fielding  of  tactical  communi¬ 
cation  systems. 
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Composite  metals  with  both  ferromagnetic  and 
conductive  layers  are  known  to  be  more  effective 
than  monometals  in  attenuating  electromagnetic 
fields  at  low  and  intermediate  frequencies.  Their 
usefulness,  however,  has  been  limited  because 
available  methods  of  analysis  apply  only  to 
monometals  and  require  different  approximations  in 
high  and  low  frequency  regions. 

This  paper  describes  a  method  using  the  Schelkunoff 
surface  and  transfer  impedance  characterist ics  of 
the  component  layers  to  determine  the  shielding 
effectiveness  of  the  composite.  The  procedure 
applies  to  both  "high"  and  "low"  frequency  cases, 
and  can  be  carried  out  with  the  aid  of  a 
programmable  calculator.  Laboratory  measurements  of 
shielding  effectiveness  of  several  monometals  and 
composites,  over  a  frequency  range  of  50  Hz  to  500 
KHz,  indicated  satisfactory  agreement  between 
predicted  and  measured  values.  It  is  believed  that 
the  impedance  method  will  be  of  value  in  selecting 
optimal  materials  and  dimensions  for  cable  shields. 

Introduction 

Clad  metals  have  been  used  as  cable  shielding 
materials  for  a  number  of  years,  principally  for  the 
purpose  of  providing  the  mechanical  strength  of  a 
ferrous  layer  while  retaining  the  conductivity  of 
copper  (as  in  gopher-resistant  telephone  cable  and 
distribution  wire3).  However,  the  fact  that  a 
combination  of  magnetic  and  conductive  layers  can 
give  rise  to  improved  electromagnetic  shielding 
properties  was  recognised  by  Schelkunoff  in  his 
fundamental  paper  on  the  theory  of  cylindrical 
shields3. 

In  this  work,  the  surface  Impedances  and  surface 
transfer  impedance  of  thick  and  thin  monometal 
shields  were  derived  in  terms  of  the  geometric  and 
electromagnetic  parameters.  In  addition,  a 
recursion  relation  was  developed  which  permits  the 
computation  of;  impedances  for  composite  shields, 
once  the  characteristics  of  the  individual  layers 
have  been  determined. 

Several  approximate  expressions  for  the  shielding 
effectiveness  of  monometals  were  derived  in  the  same 
paper;  however,  rather  than  being  obtained  from  sur¬ 
face  impedance  parameters,  the  shielding  effective¬ 


ness  is  expressed  in  terms  of  the  intrinsic  attenua¬ 
tion,  phase  shift  and  impedance  of  the  metal,  with  a 
number  of  correction  terms  added  to  account  for  the 
effect  of  "electrically  thin"  shields  (in  which  the 
attenuation  in  the  metal  is  relatively  small,  so 
that  re-ref  lection  from  inner  to  outer  surfaces 
cannot  be  neglected). 

At  very  low  frequencies,  all  practical  shields 
become  "electrically  thin";  in  fact,  the  shielding 
effectiveness  of  non-magnetic  conductors  goes  to 
zero,  and  the  approximate  expressions  for  shielding 
effectiveness  are  no  longer  valid.  However, 
ferro-magnetic  shields  continue  to  exhibit  effective 
shielding  even  at  zero  frequency  (d-c),  and  another 
expression  was  derived  to  apply  to  this  special 
case3. 

The  relations  derived  by  Schelkunoff  have  been  shown 
to  be  equivalent  to  those  obtained  by  others4,  and 
are  recommended  by  current  texts  on  shield  de¬ 
sign’,  6.  Unfortunately,  it  is  essentially  impos¬ 
sible  to  use  these  relations  to  analyse  the  shield¬ 
ing  effectiveness  of  composites;  the  ability  of  de¬ 
signers  to  employ  multi-layered  shields  has  been 
correspondingly  limited.  The  inconvenience  of 
having  to  decide  in  advance  whether  a  given  problem 
represents  a  “thick",  “thin",  or  “zero-frequency" 
case  probably  also  contributes  to  the  general  ten¬ 
dency  to  design  shields  by  trial  and  error  rather 
than  by  analysis. 

An  Impedance-based  Method 

Because  even  the  approximate  expressions  for  surface 
impedances  involve  complex  trigonometric  functions 
of  complex  arguments ,  their  use  in  shielding 
computations  was  impractical  before  electronic  cal¬ 
culators  were  available.  Now,  however,  the 
impedances  of  multi-layer  composite  metals  can 
readily  be  obtained  by  the  use  of  a  programmable 
calculator  or  desktop  computer. 

Although  many  problems  (for  example,  determining  the 
attenuation  in  a  coaxial  cable  with  copper  clad 
inner  and  outer  conductors)  are  readily  solved  once 
the  surface  impedance  is  determined,  available  ex¬ 
pressions  for  shielding  effectiveness  required 
data  that  were  not  defined  for  composites.  Since 
the  surface  impedance  parameters  are,  by  definition, 
ratios  between  E  and  H  fields  at  the  surface  of  the 
metal,  and  for  cylindrical  waves  a  similar  impedance 
function  can  be  defined  in  the  dielectric  outside 
the  shield,  an  expression  for  shield  effectiveness 
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can  be  derived  in  a  manner  analogous  to  that  used  by 
Schetkunoff  in  obtaining  an  expression  for  the  sur¬ 
face  impedance  of  composite  metals  (see  Appendix). 
The  resulting  expression  is: 


2  _ 

S  =  20  log 

(zaa  +  zw)lzbb  +  zw)  '  z  ab 

where  S  is  shield  effectiveness  in  dB,  Zw  is  the 
radial  wave  impedance  ,  Zaa  is  the  internal  sur¬ 
face  impedance,  Z^b  is  the  external  surface  impe¬ 
dance,  and  Zat)  is  the  surface  transfer  impedance 
(the  surface  impedances,  expressed  in  ohms  per 
sguare,  can  be  obtained  from  the  thicknesses  and 
electromagnetic  properties  of  the  metal  layers  com¬ 
prising  the  shield®). 

In  most  cases,  the  thickness  of  the  shield  is  negli¬ 
gible  compared  to  its  radius  of  curvature,  and  the 
following  simple  expressions  can  be  used  to  compute 
the  impedances  for  monometal  shields: 

Zw  =  iu /u0P 

zaa  1  zbb  *  (1+i)  c°th  t1*1 U  (3> 
i  g  4 


zab  =  d  +  i)  csch  ( 1  +  i )  t  (4) 

&  g  4 


where  u/  is  the  angular  frequency  of  the  wave,  p0 
is  the  permeability  of  free  space,  and  p  ,  g  and  t 
are  respectively  the  magnetic  permeability, 
electrical  conductivity  and  thickness  of  the  shield. 
The  dimension  p  ,  the  effective  radius  of  the  wave 
in  air,  can  be  regarded  as  the  distance  from  the 
pair  of  wires  producing  the  wave  to  the  shield.  (We 
have  assumed  that  the  shield  is  thin  enough  so  that 
the  radius  is  the  same  on  both  sides  of  the  shield.) 
The  parameter  i  is  often  called  the  depth  of 
penetration  in  the  metal. 

Because  the  various  impedances  and  hence  the  shield 
effectiveness  can  be  determined  for  either  mono- 
metals  or  composites  by  a  combination  of  arith¬ 
metic  and  trigonometric  manipulations  of  complex 
numbers,  the  solution  of  equation  1  can  readily  be 
programmed  on  any  calculator  designed  to  handle 
complex  variables.  Such  devices  did  not,  of  course, 
exist  when  the  original  work  on  cylindrical  shields 
was  done;  effectiveness  was  therefore  expressed  as  a 
sum  of  logarithmic  terms  involving  the  basic  (mono¬ 
metal)  material  parameters  and  not  requiring  the  use 
of  complex  arithmetic. 


To  verify  the  validity  of  the  impedance  method  in 
the  case  of  monometals  where  Zaa  *  Z^p,  equation 
1  was  rewritten  in  terms  of  the  parameters  used  in 
reference  2.  The  result  (see  appendix)  is: 


log  e1 
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Equation  6  is  equivalent  to  equations  114  through 
119  of  reference  2;  its  first  two  terms  are 


equivalent  to  (6-9)  and  (6-18)  of  reference  5  (whose 
Appendix  C  contains  an  approximation  of  the  third 
term).  Since  the  impedance  method  gives  the  same 
result  as  existing  methods  for  monometals  (although 
it  appears  to  be  more  convenient  to  use)  it  should 
be  valid  for  composites  for  which  other  methods  are 
inappl icable. 


Experimental  Verification 

To  determine  shielding  effect iveness  an  apparatus 
was  constructed  including  two  coaxial  coils,  each 
1.9  cm  in  diameter,  separated  by  a  distance  of  one 
centimeter.  Midway  between  the  two  coils  an  opening 
was  provided  for  the  insertion  of  sheets  of  the 
metals  to  be  tested  (Fig.  1).  One  coil  was  excited 
at  frequencies  ranging  from  50  to  500,000  Hz.  and 
the  attenuation  of  the  signal  in  the  second  coil  due 
to  insertion  of  a  metal  shield  was  measured.  The 
results  were  compared  to  the  values  calculated  by 
means  of  equations  1-5  and  recursion  relations  94 
and  95  of  reference  2  on  a  T I -59  progranmab le  pocket 
calculator.  The  dimension  p  was  taken  to  be  0.5 
cm;  conductivity  values  were  taken  from  the  manu¬ 
facturer’s  data  sheets,  and  magnetic  permeabilities 
estimated  from  the  low  frequency  performance. 


Fig.  1  -  Test  Apparatus 


The  various  shields  tested  are  listed  in  Table  1; 
their  measured  and  calculated  shielding  effective¬ 
ness  curves  are  shown  in  figures  2  and  3. 

Discussion  of  Results: 

Correlation  between  measured  values  and  the  curves 
computed  from  equation  1  was  good  even  for  the  mag¬ 
netic  composites.  It  was  assumed  in  calculation 
that  magnetic  permeability  remains  constant  at  the 
low-frequency  value  throughout  the  test  ranqe. 
While  data  for  magnetic  materials  usually  show  per¬ 
meability  decreasing  with  increasing  frequency,  the 
phenomenon  may  be  largely  due  to  eddy  currents; 
these  effects  of  conductivity  are  automatically  in¬ 
cluded  in  equation  1. 

A  comparison  of  the  various  shields  in  the  50-500 
Hz  region  indicates  that  low  frequency  attenuation 
is  affected  only  by  permeability  and  the  amount  of 
magnetic  material  present;  copper  is  ineffective  in 
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this  range.  On  the  other  hand,  conductivity  becomes 
increasingly  important  at  the  higher  frequencies: 
the  copper  clad  iron  (Clad  #4)  is  almost  6  rib  less 
effective  than  i’-on  clad  copper  (Clad  #1)  at  SO  Hz, 
because  it  has  only  half  the  iron  content;  however, 
above  about  100  KHz  the  high  conductivity  #4  exceeds 
#1  in  attenuation.  The  combination  of  a  ferromagne¬ 
tic  material  with  copper  clearly  provides  more 
effective  shielding  than  copper  alone  over  the 
entire  range  of  frequencies' considered. 


Fiq.  2  -  Attenuation  Due  to  Copper  and 
Silicon  Iron  Clad  Copper  Shields 
as  a  Function  of  Frequency 


The  results  should  be  valid  in  predicting  the 
crosstalk  shielding  ability  of  composite  metals  in 
small  diameter  telecommunicat ions  cables:  the  one 
centimeter  separation  between  source  and  receiver  is 
realistic,  and  the  range  of  frequencies  covers  the 
bands  commonly  used  for  both  voice  and  carrier 
transmission  in  paired-wire  cables.  The  theoretical 
analysis  based  on  equation  1  should,  of  course,  be 
equally  useable  for  other  dimensions  and  frequen¬ 
cies. 


TABLE  I 


Shield  Material 


Thickness--cm 


Copper  .025 

Clad  #1:  .020 

Silicon  Core  Iron  "B"  (33%) 

Copper  (34%) 

Silicon  Core  Iron  “B"  (33%) 

Clad  #2:  .020 

Copper  (33%) 

HyMu  "80 "  (34%) 

Copper  (33%) 

Clad  #3:  .020 

Copper  (33%) 

High  Permeability  "49"  (34%) 

Copper  (33%) 

Clad  f 4 :  .020 

Copper  (33%) 

Silicon  Core  Iron  "B"  (34%' 

Copper  (33%) 


The  test  conditions  cover  the  entire  gamut  of  "elec¬ 
trical  thickness"  from  SO  Hz,  where  copper  thickness 
divided  by  penetration  depth  (t/4)  is  less  than 
0.03,  to  500  KHz,  where  t / 4  in  magnetic  material 
reaches  6.  Thus  the  method  appears  to  cover  ade¬ 
quately  both  "thick"  and  "thin"  shields,  as  well  as 
the  transition  reqion  in  between. 


Fig.  3  -  Attenuation  Due  to  Copper  Clad 
Maqnetic  Shields  as  a  Function 
of  Frequency 
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Cone lus ion 


(6a) 


The  impedance-based  method  of  predictino  shielding 
effectiveness  appears  to  correlate  well  with  test 
data  for  both  monometallic  and  clad  metal  shields 
over  the  range  of  voice  and  carrier  frequencies 
ordinarily  transmitted  by  paired-wire  telecommuni¬ 
cations  cables.  8ecause  it  is  sira  iqhtforward  and 
easily  programmed  this  technique  should  prove  use¬ 
ful  to  cable  designers  and  others  interested  in 
evaluating  metal  shields  at  low  and  intermediate 
frequencies.  While  there  is  no  theoretical  reason 
why  the  method  should  not  be  used  at  meqahe<-tz  fre¬ 
quencies,  experimental  verification  will  require 
further  work . 

Composite  shields  containing  both  conductive  and 
femomaqnet i c  layers  are  much  more  effective  than 
copper  alone  in  the  frequency  range  studied. 


Appendix 


Def in i t inns : 


Ht  =  Maqnetic  field  ( transmi tted) 

H,  =  Maqnetic  field  (incident! 

Hr  =  Maqnetic  field  (reflected) 

Zaa  *  Surface  impedance  (internal  surface)  in 
ohms  per  square 

Zbb  =  Surface  impedance  (external  surface) 

Zab  =  Surface  transfer  impedance 
Zw  -  Radial  wave  impedance  in  dielectric  (air) 
zpt,  =  Surface  impedance  presented  to  wave  at 
external  surface  of  shield  (due  to  effect  of 
shield  plus  wave  impedance  at  internal  shield 
surface) 

Ea  *  Electric  field  at  internal  surface 
(transmitted) 

S  =  Shielding  effectiveness  in  db.  =  201oq 


Derivation  of  equation  1: 

For  waves  traveling  from  the  outside  toward  the 
inside  of  the  metallic  shield, 

Ea  *  Eab ( H i  +  Hr)  -  ZaaHt  =  ZwHt  (la) 

(by  the  definitions  of  the  various  impedances). 
Therefore, 


Hi  +  Hr  *  Hi 


2Z„ 


Zw  +  Zbb 


~ 7 


Ab_ 


Zaa  *  Z, 


Substituting  (5a)  into  (2al  gives 


Ht  =  Hi 


Z  Z  jkZ 


( Zaa  +  2jTzbb  +  ZJ  -  ZFab 

so  that  the  definition  of  S  yields  equation  1. 


(6a) 


Derivation  of  eg.  6  from  eg.  6a: 

To  translate  equation  6a  into  the  symbols  used  for 
monometals'  shielding  effectiveness  in  ref.  2,  the 
following  identities  are  recognized®: 


^ab 


caa 


TmhT't 


=  Zbb  =  Zr 


)sh  r 


sinhf  t 


k  -  Zw/Zq 

where  Z0  is  the  characterist ic  impedance  of  the 
metal,  t  is  the  metal  thickness,  k  is  the  reflection 
coefficient,  and  Pis  the  complex  propagation 
constant  in  the  metal. 


Substitution  of  these  identities  into  equation  6a, 
and  replacing  the  hyperbolic  trigonometric  functions 
by  their  exponential  forms  yields 


ill  5  (k  h  1)Z  .  (k  ■  1)Z  e-2 
Hr  i  k  e:  H 


(7a) 


from  which  equation  6  follows  (  o  is  defined  as  the 
real  part  of  T ) . 
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STRUCTURE  AND  CHARACTERISTICS  OF  CABLES  FOR  ROBOTS 
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E. Iwakabe 


The  Furukawa  Electric  Co.,  Ltd.,  Tokyo,  Japan 


The  paper  discusses  a  control  cable  which  plays  'he  role 
of  nerve  system  of  industrial  robots.  The  new  control  cable 
(robot  cable)  uses  a  flexible  stranded  conductor,  an  LTFE 
(fluorocarbon  resin)  insulation,  and  a  rubber  or  elastic  PVC 
sheath  Two  types  of  robot  cable  are  introduced  here,  round  type 
and  curled  type.  The  flexibility  and  elasticity  of  the  robot  cable 
were  determined  by  bending  test  for  the  round  type  and  by  ex¬ 
pansion-contraction  fatigue  test  and  robot  simulation  test 
(cylinder  rotation  test)  for  the  curled  type.  The  tests  confirmed 
that  this  new  cable  is  more  durable  than  coventional  control 
cables  and  proed  that  it  is  capable  of  following,  within  a  limited 
wiring  space,  complicated  movements  (turning,  bending,  etc.  I  of 
a  robot  and  usable  in  a  broad  range  of  applications  as  a  cable  of 
high  reliability  and  flexibility  which  is  an  important  requirement 
for  ill-robot  wiring^^ 

Introduction 

While  demand  is  increasing  in  the  industry  for  higher  pro¬ 
ductivity,  higher  product  quality ,  and  improved  working  environ¬ 
ment,  the  development  of  industrial  robots  and  the  progress  of 
robot  technology  have  freed  men  from  dangerous  and  soil-prone 
work  and  enabled  them  to  do  more  advanced  and  intellectual 
work.  At  present,  industrial  robots  are  chiefly  used  in  welding, 
painting,  and  assembling  work,  and  most  of  them  are  inde¬ 
pendent  computer-controlled  automatic  machines  The  calble  for 
these  robots  links  the  computer,  "brain.'  to  the  machine, 
"limb."  Compared  to  a  human  body,  it  is  a  blood  vessel  and  a 
nerve  and  is  therefore  regarded  as  an  important  element  of  a 
robot  system. 

VCT  (PVC  cabtyre  cable)  has  so  far  been  used  generally 
for  robots  Especially  for  moving  applications,  one  that  passed 
the  vibration  test  in  electrical  appliance  and  material  control  law 
has  been  considered  desirable.  It  failed  to  produce  satisfactory 
results,  however,  when  used  for  industrial  robots  which  arc  re¬ 
quired  to  be  highly  reliable  in  performance. 

This  report  clarifies  the  requirements  for  robot  cables  and 
introduces  the  construction  and  the  distinctive  features  of  round- 


type  and  curl-type  robot  cables  with  significantly  improved 
bending  resistance  and  expansion-contraction  property,  deve¬ 
loped  after  various  evaluation  tests. 

2.  Outline  of  industiral  robots 

2-1.  Classification  of  industrial  robots 

At  present  there  are  no  established  definitions  for 
"robots."  Individuals'  concept  of  robots  vary  as  they  are  dis¬ 
cussed  in  all  branches  of  industry.  The  robot  cable  that  we  deve¬ 
loped  is  an  information  transmission  cable  for  the  palyback 
robot,  numerical-control  robot,  and  intelligent  robot  specified  by 
the  Japan  Industrial  Robots  Manufacturers'  Association  as  in 
Table  I . 


Classification 

Definition 

Automatic  machine 

Manual  manipulator 

Fixed  sequence  robot 
Variable  sequence  robot 

Robot 

Playback  robot 

Numerical  control  robot 

Intelligent  Robot 

Tabic  I  Classification  and  definitions  of  industrial  robots 


Industrial  robots  make  full  use  of  electronics  technology  which 
is  now  making  rapid  progress.  In  our  study  of  robot  cables  to 
clarify  their  requirements,  we  selected  the  following  five  types  of 
robots  which  arc  now  in  widespread  use. 

1 )  Spot  welding  robot 

2)  Arc  welding  robot 

3)  Painting  robot 

41  Assembling  robot 

5)  Machining  robot 

2-2.  Industrial  robots  and  their  cables 

Cables  used  for  industrial  robots  arc  closely  related  with 
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the  uses,  construction,  ami  motion  of  the  robots.  The  relations 
between  the  construction  of  the  five  robots  in  1)  ~  5)  of  the 
preceding  paragraph  and  cables  are  shown  in  Fig.  1  below  . 


Fig.  1  Robot  construction  r.nd  cables 

In  the  above  figure,  the  teaching  box  is  what  is  called 
"keyboard"  which  teaches  a  robot  how  to  work.  The  control 
unit  is  the  brain  of  the  robot  which  memorizes  work  sequence, 
position,  and  other  information,  makes  a  comparative  judgement 
with  information  from  the  robot,  and  gives  instruction  for  con¬ 
trolled  motion. 

Cables  used  in  robots  are  generally  required  to  have  ex¬ 
cellent  mechanical  properties  flexible  and  resistant  to  bending, 
expansion  and  contraction,  though  depending  on  the  kind  of 
robot  for  which  they  are  used. 

2-3.  Movement  of  industrial  robots 


In  the  development  of  robot  cables,  it  is  very  important 
to  determine  the  form  of  their  motion.  We  investigated  the 
principal  motion  of  the  playback  robot  to  have  it  reflected  in  the 
design  of  the  cable  used  for  it.  Fig.  2  s!'."w  the  forms  of  robot 
motion. 


II 


I  Main  body  ...  Rotation,  Bending, 

T  wisting 

II  Arm  .  Bending 

III  Hand  .  Bending,  Twisting 

Fig.  2  Movement  of  Industrial  Robot 

The  signals  of  position,  speed,  and  other  information  are 
transmitted  by  the  cable  front  the  control  unit  to  the  robot  and 
vice  versa.  They  are  analog  and  digital  signals  Information- 
transmitting  cables  will  be  used  increasingly  as  robots  are  made 
more  intellectual. 

As  is  learned  from  the  robot  motion  in  Fig.  2.  robot 
cables  are  required  to  have  excellent  bending,  twisting,  and  ex¬ 
pansion-contraction  properties  where  they  are  used  at  movable 
sections  of  robots.  Small-diameter  cables  are  also  desirable  for 
easy  wiring  in  a  limited  space. 

3.  Cables  for  industrial  robots 

3-1.  Design  concept  lor  robot  cables 

Judging  from  the  motion  of  robots,  high  bendability  and 
resistance  to  torsion  are  regarded  as  the  essential  properties  re¬ 
quired  of  robot  cables.  We  therefore  discuss  here  what  stress  is 
exerted  in  a  cable  and  how  its  service  life  is  affected  when  it  is 
bent  or  twisted. 

3-1-1  Bending  strain  and  stress  relaxation 

When  a  cable  is  bent  at  a  certain  radius  (R),  it  develops  a 
compression  inside  and  an  elongation  outside  the  bent  part.  Its 
conductor  made  up  of  wires  stranded  in  a  pitch  diameter  of  (r) 
and  with  a  pitch  of  tpl  also  receives  such  force.  If  the  conductor 
is  freely  expandable  and  contractible,  the  strain  occurs  at  the 
respective  parts  as  shown  in  Fig.  3. 

However,  the  range  of  elasticity  of  copper  wires  which 
make  up  the  conductor  is  very  limited  so  that  the  life  of  the  con- 
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Compression  change  Expansion  change 


ductor  is  reduced  much  if  given  such  a  degree  of  expansion  and 
contraction.  Therefore  the  first  consideration  must  be  what  type 
of  motion  is  necessary  for  the  cable  to  be  bend  without  expan¬ 
sion  or  contraction  of  its  conductor.  Slipping  phenomenon  and 
diameter  reducing  phenomenon  belong  to  such  motion.  Causing 
the  stress  relaxation  motion  with  a  low  conductor  stress  produces 
a  cable  having  a  long  service  life  in  bending  applications.  Which 
of  these  stress  relaxing  phenomena  should  be  used  is  determined 
by  the  working  condition,  number  and  size  of  cable  conductors. 
They  are  shown  in  Table  2. 


Item 

Slipping 

phenomenon 

Diameter  reducing 
phenomenon 

Stress  relaxing 
behavior 

r.\ 

core  slides 
and  moves  in 
one 

The  cable  u  uushed 
and  the  strain  is 
adjusted 

Factor  that 
determines  the 
conductor  stress 

Slip  resistance  on 
the  surface  of  in¬ 
sulated  core 

The  conductor 
stress  is  determined 
by  the  compressing 
characteristic  of  the 
center  filler  of  the 
cable. 

Stress  reducing 
means 

The  friction  between  The  conductor 
the  cores  is  reduced  stress  is  determined 
by  the  use  of  silicon  by  the  collapsibility 
oil.  mica  powder.  of  the  center  filler 

etc.  of  the  core 

Adaptability 

The  most  funda¬ 
mental  stress  re¬ 
laxing  method 

Suitable  for  cables 
used  for  no-tension 
moving  applications. 

______ 

Table  2  Stress  relaxation  (Bend) 


3-1-2.  Torsional  strain  and  stress  relaxation 


When  a  cable  in  which  the  cores  are  twisted  in  a  pitch  dia¬ 
meter  of  2  r  and  with  a  pitch  of  p  is  twisted  at  1  radians,  it 
elongates  as  shown  in  Tig.  4.  if  its  conductors  are  freely  expan- 
able  and  contractible. 

Since  the  scope  of  elasticity  of  the  conductors  are  very 
narrow,  the  expansion  and  contraction  of  the  cores  would 
greatly  reduce  the  twisting  life  of  the  cable.  For  cables  which 
sustain  twisting,  therefore,  stress  relaxation  is  necessary  so  that 
they  are  twisted  without  expansion  and  contraction  of  its  con¬ 
ductors.  Reduction  in  diameter  is  one  of  such  motions.  Causing 
these  motions  with  a  low  conductor  stress  produces  a  cable 
having  a  long  service  life  in  twisting  applications.  The  stress  re¬ 
laxing  behaviors  are  shown  in  Table  3. 
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Stress  relaxing  behavior 

In  V  P:  +  1 2rr+0 )-  r*  .  r  changes, 
adjusting  the  increment  and 
decrement  of  6 

Factor  that  determines 
the  conductor  stress 

C  ollapsibility  of  the  center  tiller 
of  the  core.  Softness  of  the 
sheath 

Stress  relaxing  means 

The  center  tiller  is  made  sofl. 
Stranding  is  done  with  care 
used  to  prevent  "overlayer." 

Adaptability 

Stress  relaxing  behavior. 

Table  3  Stress  Relaxation  (Torion) 


3-3.  Construction  and  features  of  robot  cables 

The  newly  developed  robot  cables  are  available  in  two 
types,  curl  type  and  round  type,  which  are  suitable  for  varied 
applications  bending,  twisting,  expansion-contraction. 


Photo  1 .  Curl  type  robot  cable  and 
round  type  robot  cable 

The  construction  (core  diameter,  etc.)  of  a  robot  cable 
must  be  determined  by  the  kind  of  robot  for  which  it  is  used 
and  the  kind  of  signal  to  be  transmitted  by  it.  Electrically,  the 
most  suitable  cable  must  he  selected  according  to  whether  the 
transmission  signal  is  analog  or  digital  or  whether  the  trans- 
misstion  system  is  parallel  or  serial.  Needless  to  say.  even  more 
consideration  must  be  given  when  the  above  different  signals  or 
signals  of  different  levels  are  in  the  same  cable.  Table  4  shows 
the  types  of  signals  and  standard  forms  of  cable  construction. 


Table  4  Types  of  signal  and  cable  construe. ion 


The  mechanical  requirements  for  robot  cables  are  their 
capability  to  withstand  movements  as  bending,  expansion  and 
contraction.  The  robot  cables  developed  recently  use  forty 
0.08  mm  wire  strands  (0.2  sq.)  and  sixty  0.08  mm  wire  strands 
(0.3  sq.)  for  flexible  conductors  and  HTE'E  (Ethylene-Tetra 
fluorethylene  copolymer)  insulation  for  a  lower  slip  resistance  to 
alleviate  the  stress  of  the  conductor  and  for  a  lower  deformation 
strain  characteristic  against  (he  load  that  work  on  the  core. 

Table  5  shows  the  electrical  properties  of  T’TET  and  Tig.  5 
its  cut-through  characteristic. 


Item 

Unit 

i  ri  i  |  i  l  l’ 

TIE 

Volume  resistivity 

fl-cm 

>li)"'  !  >10" 

'>  !U'  - 

Dielectric  break 

, 

down  strength 

KV/mm 

In  20 '24 

i<>  -  :4 

c  III)3  H/> 

2.f>  2.1 

<  M 

c  no'’  H/i 

2.f>  2  1 

<  M 

tan 6(10''  Hr) 

o.oook  <  o.ooo: 

<  o  ooo : 

lanStlO'1  H/| 

. _j 

0.0005  1  <  0.0005 

<  o.ooo: 

Table  5  Electrical  properties  of  1  1  1  I 
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Temperature  (°C) 

Fig.  5  Cut  through  characteristics 
(load-  temperature) 

4.  Performance  of  robot  cables 
4-1 .  Rigidity 


Robot  cable  f  40/0. 08  (0.2  sq)  x  50C 
•I  ETFE  insulated 
200  [PVC  sheathed 

Conventional  7/0. 1 8  (0.2  sq)  x  50C 
cable  •  PVC  insulated  PVC 

[sheathed 

_ i _ i _ i _ i - 1 - 

5  10  15  20  25 

deflection(  mm) 

Fig.  7  Load-deflection  characteristics 


The  cable  proved  to  be  capable  of  use  where  there  are  com¬ 
plicate  bends  or  where  wiring  is  changed  very  often. 


4-2.  Bending  property 

Various  test  methods  have  been  worked  out  for  evaluation 
of  the  bending  property  of  robot  cables.  For  comparion  of  robot 
cables  with  conventional  cables,  we  trially  made  the  following 
six  types  cables  and  evaluated  their  repeated  bending  property  by 
three  test  methods  shown  in  Figs.  8.  9.  and  10.  The  cable  was 
tested  repeatedly  until  one  of  its  cores  is  broken. 


Fig.  8  Bending  Test 


Considering  the  condition  under  which  it  is  used,  a  robot 
cable  must  have  a  certain  flexibility  when  used  on  the  movable 
parts  of  robots.  Within  a  certain  limit,  the  more  flexible  the 
cable,  the  better.  To  determine  this  in  quantative  terms,  we 
tested  the  robot  cable  by  the  method  shown  in  Fig.  6,  in  com¬ 
parison  with  the  conventional  cable  Fig.  7  shows  the  measured 
data.  They  indicate  that  the  robot  cable  has  an  outstanding 
flexibility. 
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Sample 


Rotating  disk 

r :  150  mm 
.  :  200  mm 


Fig.  9  Twisting  Test 


(200  Times/min.) 
Fig.  10  Vibration  Test 


Sample  No. 

Figures  show  the  average  value 
of  three  samples  (n  =  3) 


Fig.  11  Bending  test  result 


Sample  1 
Sample  2 
Sample  3 

Sample  4 

Sample  5 

Sample  6 


7/0. 1mm  X  5  pair  PVC  insulated  PVC  sheathed  cable 
30/0.08mm  X  20  cote  PVC  insulated  PVC  sheathed  cable 
7/0.08mm  X  SO  core  PVC  insulated  PVC  sheathed  cable 
with  copper  braided 

12/0. 1mm  X  10  pair  ETKE  insulated  PVC  sheathed  cable  with 
copper  braided 
Robot  cable 

30/0.8mm  X  50  core  ETEE  insulated  PVC  sheathed  cable 
Robot  cable 

40/0.08mm  X  50  core  ETFE  insulated  PVC  sheathed  with 
copper  braided. 


The  results  of  measurement  taken  on  each  sample  are  shown 
in  Fig.s  It,  12.  and  13. 


Sample  No. 

Figures  show  the  average  value 
of  three  samples  (n"3). 

Fig.  12  Twisting  test  result 
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L  Number  of 


Figure  show  the  average  value 
of  three  samples  (n  3) 

Fig.  13  vibration  test  results 


Hie  above  results  indicate  an  improved  Pending  property 
over  the  conventional  cables. 

4-3.  Fxpansion-contraction  property 

The  curl  type  robot  cable  suitable  for  use  for  such  parts  of 
robots  as  make  expanding  and  contracting  motions  is  required  to 
have  a  high  degree  of  springiness  that  makes  it  follow  the  swift 
motions  and  also  an  improved  service  life.  We  made  the  following 
samples  and  evaluated  their  springing  and  expansion-contraction 
life  properties. 

Sample  I  40  wires/0. Obmm  X  2 Of  (  TFT  insulated  PVC 
sheathed  cable  (curled) 

Sample  II  40  wires/0.08mm  X  20C  PVC  insulated  PVC 
sheathed  cable  (curled) 

4-3-1.  Spring  property 

The  springiness  required  of  the  curl  type  robot  cable  was 
evaluated  by  measuring  the  distance  (?)  between  standard  points 
by  the  method  shown  in  Fig.  14.  The  results  of  measurement  are 
shown  in  Fig  15. 


Fig.  14  Evaluation  of  spring  property 


Next,  the  cable  was  elongated  twice  the  length  of  its  curled 
portion  by  the  expansion-contraction  tester  (Fig.  lb),  with  the 
arm  to  which  the  cable  was  attached  making  such  number  of 
rotations  as  shown  in  Table  6  at  a  rate  of  23  rotations  per 
minute.  Then  the  length  of  the  cable  dangling  under  its  own 
weight  was  measured.  The  results  are  shown  in  Table  b. 
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Length  of  curled 

Length  of  curled 

Length  of  curled 

Sample  No. 

cable  (mm) 

cable  (mm) 

cable  (mm) 

SHI 

(30.000  ruiations) 

( 50.000  rotations) 

is 

mmmm 

mm 

■HH 

y-M 

■ 

■Hal 

I  |  shows  percentage  ot  expansion  set 


Table  h  Results  of  expansion  contraction  Test 
Expansion-contraction  life  property  ( I ) 


The  cable  was  elongated  three  times  its  curled  length  by  the 
expansion-contraction  tester  shown  in  big  K>.  and  the  number 
of  expansions  and  contractions  given  up  to  the  breakage  of  one 
core  was  measured.  Table  shows  the  results  of  measurement. 


Sample 

Expansion-contraction  frequencies  up  to  wire 

breakage 

Sample  1 

56853 

Sample  II 

0834 

Table  7  Expansion-contraction  life  property 


4_--KV  Expansion-contraction  life  property  (’) 

Since  the  curl  type  robot  cable  is  used  at  rotating  part  of  in 
the  robot  body.  Sample  I  was  tested  on  a  rotating  tester  shown  in 
Fig.  16  and  Photo  2  to  see  if  it  is  usable  there. 

The  samples  were  tested  and  proved  to  have  a  service  life  ex¬ 
pectancy  equivalent  to  more  than  100,000  rotations. 


Photo  2  Roting  tester 


The  test  results  showed  that  the  curl  type  robot  cable 
follows  rapid  expansion  and  contraction  very  easily,  elongates 
little  when  expanded  and  contracted  repeatedly,  and  has  a  long 
service  life. 

5.  Electrical  properties 


There  is  no  difference  in  electrical  properties  between  robot 
cables  and  ordinary  cables.  They  have  the  properties  depending 
on  their  conductor  size  and  insulating  materials  Table  8  shows 
general  properties  of  robot  cables. 


* 

Fleet rical  propet ie$ 

Construction 

Conductor 

|  Insulation  [ 

Dielectric 

of  conductor 

resistance 

i  resistance  ! 

strength 

(No./nmi) 

(Si, km) 

(MSiKm)  i 

( A(  V/  min) 

30/0.08 

135  0 

10.0(H) 

500 

40/0. OK 

01. 0 

10.0(H) 

500 

60/0.08 

65.0 

1 0.0(H) 

500 

KXFO.OX 

.37.5 

|  W  ,000 

500 

1  5O/0.0X 

25.0 

J  0,000  1 

-J - 1 _ 

500 

I  able  8  Electrical  properties  of  Robot  t  ables 


6.  Uses  (examples)  or  robot  cables 

Photos  3  and  4  show  some  practical  example  of  use  of  robot 
cables  improved  in  mechanical  properties. 


Fig.  16  Rotating  Test  Method 
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TAKAYOSHI  MAEZAWA 
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0-1  Marunouchi  7-ehome 
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Tokyo. Japan 


Photo  3 


Photo  4 

Summary 

Industrial  robots  are  last  finding  extensive  practical  applica¬ 
tions  with  the  progress  of  electronics  technology.  As  their  mo¬ 
tions  tire  made  taster  and  more  sophisticated,  cables  used  for 
them  are  required  to  be  increasingly  reliable  in  performance.  At 
present  there  are  no  established  methods  for  testing  cables  which 
sustain  especially  bonds  and  twists  while  in  use.  In  this  report  we 
introduced  the  development  of  a  round-type  and  a  curl  type 
robot  cable  evaluated  by  vuarous  test  methods.  In  consideration 
of  current  robot  motions,  and  discussed  their  outstanding  pro¬ 
perties. 

The  development  of  these  cables  will  be  acclcratcd  as  the 
technology  of  industrial  robots  further  advances.  I  he  application 
of  optical  fiber  technology  and  fixed-point  stoppage  and  position 
detection  technology  will  be  the  center  of  future  development 

I  hope  that  tins  oa per  will  contribute  even  a  mite  to  such 
future  development  of  robot  cables. 
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A  CROSSTALK  MODEL  FOR  CROSS-STRANDED  CABLES 


Nils  Holte 


/ 


j 


Electronics  Research  Laboratory  (ELAB) 
Trondheim  -  Norway 


ABSTRACT 


A  statistical  model  is  presented  which  re¬ 
lates  crosstalk  both  in  cross-stranded  and 


ordinary  pair  cables  to  cable  geometry, 
assuming  that  crosstalk  is  mainly  caused 
by  irregular  twisting. 


Cable  geometry  of  cross-stranded  cables 
has  been  characterized  by  photographical 
measurements,  and  it  is  shown  how  varia¬ 
tions  in  cable  geometry  is  transformed  in¬ 
to  variations  in  coupling  per  unit  length 
and  finally  into  average  near  end  and  far 
end  crosstalk. 


The  model  has  been  compared  to  extensive 
crosstalk  measurements  for  one  spesific 
type  of  cable,  and  it  correctly  predicts 
the  variations  of  crosstalk  with  length, 
frequency,  and  twist  periods  of  the  cable. 
The  model  is  suitable  for  optimizing  twist 
periods,  and  it  shows  that  twist  periods 
of  different  pairs  should  be  well  separa¬ 
ted.  For  existing  cross-stranded  cables 
crosstalk  can  be  improved  by  choosing  es¬ 
sentially  shorter  twist  periods  of  all 
pairs . 

1 .  INTRODUCTION 

Crosstalk  is  a  limiting  factor  for  the  use 
of  PCM-systems  in  tv ,sted  pair  cables. 
Today  most  pair  cables  in  the  telephone 
network  are  used  for  analog  voice  trans¬ 
mission,  but  the  installation  of  PCM  is 
increasing,  and  new  transmission  systems 
will  be  introduced,  like  for  instance 
digital  subscriber  loops.  Because  the  ex¬ 
pected  life  time  of  the  cables  is  30-40 
years  from  installation,  the  cables  should 
be  prepared  for  future  use,  and  this  moti¬ 
vated  the  Norwegian  Telecommunications  Ad¬ 
ministration  to  initiate  work  on  improving 
crosstalk  for  existing  types  of  pair  ca¬ 
bles  . 


Almost  all  telecommunication  pair  cables 
produced  in  Norway  today  are  cross-stran¬ 
ded  til,  a  technique  which  was  introduced 
to  obtain  uniform  capacitance  unbalances  . 
The  mothod  also  gives  good  crosstalk 
performance  at  higher  frequencies  (2], 


Crosstalk  is  a  complicated  phenomenon  and 
many  attempts  have  been  made  to  relate 
crosstalk  to  pair  geometry.  The  first  for¬ 
mulation  of  the  problem  was  presented  by 
Campbell  [3]  in  1907,  and  a  valuable  contri¬ 
bution  has  been  made  by  Klein  [4].  One  of 
the  major  problems  is  that  crosstalk  can 
not  be  predicted  from  nominal  cable  geome¬ 
try,  but  it  is  caused  by  random  deviations 
from  nominal  geometry.  Thus  deterministic 
approaches  failed,  and  the  first  successful 
statistical  approach  was  made  by  Cravis  and 
Crater  [5],  which  explained  the  length  and 
frequency  variations  of  crosstalk  by  assu¬ 
ming  that  the  coupling  functions  were  sto¬ 
chastic  processes.  Friesen  [6]  showed  that 
near  end  crosstalk  in  a  spesific  cable  can 
be  successfully  calculated  from  knowledge 
of  the  twist  angles  throughout  this  cable. 
By  describing  the  geometrical  variations 
statistically,  a  model  was  presented 
(Holte  [7])  which  relates  crosstalk  direct¬ 
ly  to  cable  geometry.  This  model  was  suit¬ 
able  for  predicting  and  improving  crosstalk 
in  starquad  cables  [16].  In  this  paper  the 
model  is  refined  and  extended  to  cross- 
stranded  cables.  Ordinary  pair  cables  will 
be  a  special  case. 

The  paper  begins  in  the  next  section  with 
establishing  a  geometrical  model  of  a 
cross-stranded  cable,  supported  by  geome¬ 
trical  measurements.  In  the  following 
sections  it  is  shown  theoretically  how 
geometrical  variations  are  translated  into 
electrical  parameters,  coupling  per  unit 
length,  and  finally  into  crosstalk.  In  the 
last  sections  the  model  is  adjusted  to 
match  the  measured  crosstalk  variations  in 
cross-stranded  cables,  and  potential  cross¬ 
talk  improvements  are  discussed. 

2.  CABLE  GEOMETRY 

An  accurate  characterization  of  cable  geo¬ 
metry  is  of  vital  importance  for  predicting 
crosstalk.  Nondestructive  measurements  of 
cable  geometry  have  been  demonstrated  by 
Friesen  [6],  but  a  simple  and  straightfor¬ 
ward  method  is  to  cut  a  cable  into  uniform 
pieces,  photograph  the  cross  sections  and 
digitize  the  conductor  coordinates. 
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Such  a  photographical  measurement  has 
been  carried  out  for  70  meters  of  low 
capacitance,  cross-stranded  cable,  which 
was  cut  into  sections  of  length  50  mm  [8]. 


2,1.  Deviations  from  ideal  twisting 
The  twist  angle  of  a  pair  can  be  written 
tlx)  =  s  x  *  iflxl  (1 


s  =  —  is  the  twist  frequency  of  pair  i 
1  pi  in  rad/m 

p^  is  the  twist  period  of  pair  i 

(p.  (x)  is  the  deviation  from  ideal  twisting. 


We  assume  that  tp.(x)  is  a  stationary 
Gaussian  stochastic  process  having  zero 
mean.  It  proves  difficult  to  estimate  the 

autocorrelation  function  of  xp .  because  ep . 

i  i 

tends  to  be  unbounded.  For  crosstalk  cal¬ 
culations,  the  twLst  differences  between 
adjacent  cross  sections  in  the  cable  is 
important,  and  we  choose  to  characterize: 

'  t  tx  +  )  —  y>i  ( x )  (2) 

will  be  stationary  and  Gaussian  and  will 
have  zero  mean.  Its  variance  is  estimated 
from  the  geometrical  measurements: 


t  (m) 


The  measured  variances  are  shown  in  Fig.  1 
for  different  twist  periods. 

There  is  a  systematical  difference  between 
different  pairs  for  small  i  due  to  the 
torsion  stiffness  of  the  pairs.  For  long 
twist  periods,  the  two  conductors  are  al¬ 
most  parallel  and  they  can  be  rotated  in¬ 
dependently,  but  for  short  twist  periods 
the  two  pairs  will  be  held  together  so 
that  the  torsion  stiffness  is  increased. 

For  larger  x  there  are  only  moderate  dif¬ 
ferences  between  .  of  different  pairs, 
and  the  differences  do  not  vary  systemati¬ 
cally  with  the  twist  periods.  For  the 
longest  t  shown  in  Fig.  1  r. .  has  been  esti¬ 
mated  from  only  100  i  •’ dependent  samples 
which  gives  +  15%  st  lard  deviation  on 
the  measured  .  .  Hence  realistic  confi¬ 
dence  interval!  for  different  pairs  will 
overlap. 

The  information  that  can  be  extracted  from 
this  measurement  is  that  f, .  increases 
approximately  linearily  with  i ,  all  pairs 
having  almost  the  same  slope.  This  means 
that  the  deviation  from  ideal  twist  angle 
is  modelled  as  a  Wiener-Levy  process  [17] 
Some  minor  corrections  to  this  model  may 
be  introduced  for  small  t. 

The  concuctor  diameter  including  insula¬ 
tion  is  two  times  greater  in  the  cable 
used  for  geometrical  measurements  than  the 


Fig.  1.  Variance  of  difference  in  twist  deviation 
between  two  cross  sections  with  distance  i 
for  different  twist  periods. 

cable  used  for  measurements  and  calcula¬ 
tions  of  crosstalk  in  later  sections.  The 
diameters  of  the  copper  conductors  of  the 
cables  are  almost  equal.  If  the  deviation 
from  ideal  twisting  depends  primarily  on 
the  relative  size  of  the  pairs,  the  results 
of  this  section  can  be  applied  to  the  other 
type  of  cable  by  scaling  the  twist  periods 
by  factor  2,  and  in  this  case  the  longest 
twist  periods  will  be  most  relevant  for 
further  calculations.  However  the  relative 
difference  in  copper  diameter  causes  rela¬ 
tive  differences  in  stiffness  which  compli¬ 
cates  the  scaling,  and  the  results  obtained 
here  must  be  applied  with  some  care. 

From  the  nature  of  the  twisting  process  one 
would  expect  that  the  accumulated  twist  de¬ 
viation  is  bounded.  The  deviation  from 
ideal  twisting  is  generated  mainly  by  the 
mechanical  interaction  in  the  stranding 
point  wher1  the  different  pairs  are  forced 
togetht r  to  form  a  10-pair  group.  However 
the  pairs  are  twisted  with  constant  speed, 
and  if  tne  twist  deviation  ip.  becomes  too 
large,  th  -  torsion  stiffness  of  the  pair 
will  tend  to  reduce  the  deviations.  This 
feedback  is  governed  by  the  torsion  spring 
defined  by  the  pair  between  the  twisting 
point  and  the  stranding  point.  The  cross- 
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stranding  machinery  is  twisting  10  pairs 
and  stranding  them  to  a  group  in  one  ope¬ 
ration.  The  length  of  the  torsion  spring 
is  several  meters,  so  that  the  feedback 
effect  will  not  be  visible  in  Fig.  1,  and 
crosstalk  will  not  be  influenced.  For 
conventional  cables  which  are  twisted  and 
stranded  in  different  operations  this  may 
be  different. 

As  shown  in  section  5  the  most  important 
parameter  of  the  twist  deviations  is  the 
Fourier  transform  of 
-4<T) 

e  which  is  denoted  G(s).  Calcula¬ 

ting  G(s)  for  the  curves  in  Fig.  1  gives 
the  result  shown  in  Fig.  2. 


Fig.  2.  Fourier  transforms  of  e  for 

different  twist  periods. 

For  small  twist  frequencies  s  the  curves 
are  almost  coinciding,  but  there  is  a  sys¬ 
tematical  variation  with  the  twist  period 
of  the  pair  at  larger  s. 

Large  G(s)  means  large  crosstalk,  and  the 
most  important  region  of  Fig.  2  is  for 
s  <  20  rad/m.  The  straight  broken  line  in 
Fig.  1  with  slope  a  =  6,5  m-1  corresponds 
to  the  heavily  dotted  line  of  Fig.  2  and 
represents  a  fair  analytical  approximation 
that  can  be  used  for  all  pairs  in  this 
type  of  cable. 


2.2.  Stranding  effects 

An  often  used  model  for  the  cable  geometry 
is  that  each  pair  rotates  around  a  fixed 
point  in  the  cable  cross  section  so  that 
the  pairs  may  just  touch  each  other  as  de¬ 
monstrated  in  Fig.  3. 


Fig.  3.  Idealized  cross  section  of  7- pair  cable. 

This  model  is  a  fair  approximation  for 
starquad  cables,  but  for  pair  cables  the 
measured  cable  (group)  diameter  is  consi¬ 
derably  smaller  than  shown  in  Fig.  3.  In 
practical  cables  the  pairs  are  packed  to¬ 
gether  so  that  the  cross  section  is  mini¬ 
mized  . 

According  to  section  2.1  the  deviations 
from  ideal  twisting  show  relatively  small 
variations  from  one  cross  section  to 
another  (50  mm  apart) .  The  movements  of 
the  mid-points  of  each  pair  around  their 
equilibrium  positions  showed  very  little 
correlation  from  one  50  mm  interval  to 
another.  Consequently  the  pairs  se>  ;  to 
have  greater  torsion  stiffness  than  stiff¬ 
ness  against  bending,  and  the  twisting 
process  is  treated  independently  from  the 
movement  of  the  pairs  within  the  cross 
section . 

As  a  model  for  the  movement  of  the  pairs 
within  the  cross  section  we  use  an  algo¬ 
rithm  described  in  [9].  Different  cross 
sections  are  treated  independently.  By 
means  of  an  iterative  algorithm  the  pairs 
are  moved  within  a  circular  shield  having 
the  empirically  measured  diameter  until 
the  overlap  between  pairs  is  minimized. 

The  twist  angles  of  the  pairs  are  held 
constant  during  the  movements. 
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2.3.  The  cross  stranding  process 

In  the  cross-stranding  process  [1]  the 
twisted  pairs  are  running  through  indivi¬ 
dual  dies  in  a  matrix  as  shown  in  Fig.  4. 


dies 


x 


Fig.  4.  Cross-stranding  matrix. 

The  position  of  dies  in  the  x-direction  is 
changed  according  to  signals  from  a  noise 
generator.  After  passing  the  matrix  the 
pairs  pass  two  rollers,  and  the  group  is 
wrapped  together  by  binder  tape.  The  pur¬ 
pose  of  the  cross-stranding  equipment  is 
to  make  the  mutual  distance  for  all  pair 
combinations  almost  equjl  in  average. 

It  is  rather  complicated  to  translate  the 
positions  of  the  dies  to  pair  positions 
within  the  group.  Thus  one  of  the  main 
purposes  of  the  geometrical  measurements 
was  to  find  out  how  the  pair  positions 
really  change  in  practical  cross-stranded 
cables . 

Inspection  of  the  measurements  showed  that 
almost  all  cross  sections  had  two  pairs  in 
the  center  and  8  pairs  in  the  outer  layer 
as  shown  in  Fig.  5.  The  different  positi¬ 
ons  are  numbered  as  shown  in  the  figure. 

The  measurements  showed  that  the  pairs  re¬ 
mained  in  the  same  positions  for  several 
succeeding  cross  sections  (in  some  cases 
up  to  3  n).  The  point  where  any  of  the 
pairs  change  their  positions  is  denoted  an 
interchange.  A  cumulative  distribution  of 
the  distance  between  interchanges  is  shown 
in  Fig.  6.  The  average  distance  between 
two  interchanges  is  412  mm  and  the  average 
number  of  pairs  taking  part  in  each  inter¬ 
change  is  3.5.  There  will  be  a  greater 
distance  between  points  where  two  distinct 
pairs  changes  their  relative  positions. 


Fig.  5.  Pair  positions  in  a  10-pair  group. 

These  results  show  that  the  position  of 
the  pairs  are  changed  in  an  rather  abrupt 
manner  and  that  a  cross-stranded  cable  may 
be  regarded  as  sections  of  a  conventional 
pair  cable  connected  in  cascade,  having 
random  splicing  in  the  cross  sections. 


Distance  between  interchanges  (m) 


Fig.  6.  Cumulative  distribution  of  the  distances 
between  pair  interchanges  in  a  cross- 
stranded  10-pair  group. 

All  pairs  have  the  same  type  of  stocha¬ 
stic  motion  in  the  x-direction  in  the  mat¬ 
rix,  but  there  are  constant  distances 
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between  the  pairs  in  y-direction.  Corre¬ 
lating  the  distance  between  pairs  in  y- 
direction  in  the  matrix  and  measured  ave¬ 
rage  pair  to  pair  distance  in  the  cable 
gives  the  result  shown  in  Fig.  7. 


Fig.  7.  Average  pair  to  pair  distance  as  a  func¬ 
tion  of  distance  in  cross-stranding 
matrix. 

The  figure  shows  that  adjacent  pairs  in  the 
matrix  will  have  short  separation  also  in 
the  final  cable.  The  statistical  material 
is  somewhat  too  small  to  give  an  accurate 
model  of  the  variation,  but  using  the 
broken  line  of  Fig.  7,  the  most  distant 
pairs  will  have  25%  greater  average  sepa¬ 
ration  than  the  nearest.  This  represents 
an  nonideal  property  of  the  cross-strand¬ 
ing  process,  but  it  will  not  necessarily 
result  in  poorer  crosstalk  performance, 
because  the  effect  of  twisting  and  the 
effect  of  different  distance  in  the  cross- 
stranding  matrix  may  be  combined.  However, 
it  is  important  to  allocate  distinct  dies 
in  the  matrix  to  each  of  the  pairs. 

3.  IMPEDANCE  AND  ADMITTANCE  MATRICES 


Piecewise  parallel  conductors  and  homo¬ 
geneous  permittivity  between  conductors  are 
assumed.  The  per  unit  length  capacitance 
matrix  of  each  cross  section  is  calculated 
by  means  of  a  method  given  by  Singer  et  al 
(10]  which  simulates  the  surface  charge  on 
each  conductor  by  consentrated  line  charges 
inside  each  conductor. 


In  most  cables  permittivity  varies  across 
the  cross  section.  More  realistic  methods 
are  available  at  the  cost  of  increased  com¬ 
puting  time.  elements  et  al  [11]  calcu¬ 
late  the  capacitance  matrix  of  dielectric- 
coated  cylindrical  conductors,  and  Lenahan 
[12]  describes  a  method  for  calculating 
cables  having  parallel  wires  coated  with 
two  layers  of  insulation  (foamed  skin). 

For  lossless  and  parallel  conductors  and 
homogeneous  permittivity,  the  per  unit 
length  inductance  matrix  of  the  wires  is 
proportional  to  the  inverse  capacitance 
matrix  as  shown  by  Klein  [4]: 

L  =  UQe  C'1  (4) 

C  is  the  per  unit  length  capacitance 
matrix  of  the  wires 

uo  is  the  permability  of  vacuum 

e  is  the  permittivity  of  the  insulation 

Losses  can  be  taken  into  account  by  Wheelers 
incremental  inductance  rule  [13],  [14]. 


4.  COUPLING  FUNCTIONS 

The  coupling  between  different  pairs  in  the 
cable  can  be  described  by  the  Generalized 
Telegraph  Equation: 


(5) 


£  is  a  vector  containing  the  currents  of 
each  conductor. 

U  is  the  voltages  of  each  conductor 
(relative  to  the  shield) . 

Y  is  the  admittance  matrix  of  the  cable 
per  unit  length, 

Z  is  the  impedance  matrix  of  the  cable 
per  unit  length. 


Crosstalk  is  calculated  by  solving  this 
equation.  An  exact  solution  is  possible 
only  for  special  cases  as  for  instance 
parallel  wires  (Rice  [15]).  Since  both 
harmonical  and  stochastic  variations  of  Y 
and  Z  are  present  in  the  model,  approxima¬ 
tions  must  be  used. 


In  order  to  calculate  crosstalk,  the  geo¬ 
metrical  characterization  of  the  cable 
must  be  translated  into  an  electrical 
characterization  in  form  of  impedances  and 
admittances . 


At  the  frequencies  of  interest  (f  <  10  MHz) 
the  coupling  is  so  weak  that  the  influence 
of  the  disturbed  pair  on  the  disturbing 
pair  can  be  neglected. 
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The  lossy  elements  of  Z  and  Y  are  small 
compared  to  the  capacitive  and  inductive 
parts  for  f  >  100  kHz  so  that  losses  can 
be  neglected  for  the  calculation  of  cross¬ 
talk  coupling.  Dimensionless,  lossless, 
per  unit  length  coupling  functions  for  the 
near  end  and  far  end  direction  respective¬ 
ly  are  defined  by  Klein  [4]: 


kN 

"i! 

V  c 

(6) 

K  F 

■  J( 

f<!ii 
v  c 

-V) 

(7) 

Cij 

and 

Lij 

are  per  unit  length  mutual 
capacitance  and  inductance 
between  pair  i  and  j. 

C  and  L  are  per  unit  length  capaci¬ 

tance  and  inductance  of  all 
pairs  (equal) . 


4.1  . 


Fourier  series  expansion  of  coupling 
functions 

A  more  convenient  analytical  expression 
for  the  coupling  function  between  two 
pairs  is  desired. 

For  this  purpose  a  convenientional  group 
having  parallel  pairs  is  considered.  The 
coupling  function  varies  with  the  twist 
angles  of  the  pairs.  For  ideal  twisting 
the  coupling  function  between  pair  i  and  j 
can  be  expressed  as  a  Fourier  series: 


<  (x)  = 


L  <=.  COS  ,SFkX 
k=1  k  tk 


^Ok’ 


(8) 


where 

s 


Fk 


ns . 
i 


ms  . 
1 


n,  m  are  integers 

c.  are  Fourier  coefficients 
k 

are  phase  angles  at  x  =  o 


The  two  dominating  terms  have  twist  fre¬ 
quencies  s„.  =  s.  -  s.  and  s„,  =  s.  +  s.. 

f  I  1  J  t  C.  1  3 

Higher  order  terms  have  at  least  20  dB 
lower  amplitudes  and  may  be  neglected. 


This  representation  of  the  coupling  func¬ 
tion  will  be  valid  also  when  deviations 
from  ideal  twisting  is  present.  The  pararr 
thesis  in  (8)  contains  a  linear  combination 
of  the  twist  angles.  The  deviations  from 
ideal  twisting  will  be  added  inside  the 
paranthesis  and  cause  phase  modulation  of 
each  term  in  the  series. 

The  two  dominating  Fourier  coefficients 
have  been  calculated  for  a  10-pair  unit 
like  the  one  shown  in  Fig.  5.  The  result 
is  shown  in  Table  1. 

5.  NEAR  END  CROSSTALK 

Using  the  weak  coupling  assumption,  near 
end  crosstalk  (NEXT)  can  according  to  Klein 
be  expressed: 


N  =  3'  >N(x 


i  -2>x. 

)  e  dx 


(9) 


,  =  u+  jS  is  the  propagation  constant  of 
the  pairs. 

is  the  length  of  the  cable. 

We  assume  that  crosstalk  is  caused  by  only 
the  first  term  of  the  Fourier  series  if  all 
pairs  are  twisted  in  the  same  direction. 

We  will  return  to  this  assumption  in  the 
end  of  this  section.  The  interchanges  of 
paii  positions  are  assumed  to  take  place 
at  distinct  points  in  points  in  the  cable. 
The  coupling  factor  can  be  formulated: 


K.,(x)  =  C  COS(SX  +  ip(x)  ) 

n  n 


C  .  <  X  <  £ 

n- 1  n 

where 


Sf  -  Sj 


n  =  1  ,N 


(10) 


(ID 


Table  1.  Fourier  coefficients  of  near  end  and  far  end  coupling  functions. 


Pair  positions 

Near  end  coupling 

Far  end  coupling 

-20  lg  Cj 

-20  lg  c ^ 

-20  lg  Cj 

-20  lg  c^ 

Adjacent  pairs 

{1-2  and  3-4  in  Fig.  5) 

35.0 

23.4 

35.7 

Pairs  with  one  pair  in 
between  (3-5 ,  4-6 , ... ) 

WBM 

36.3 

39.5 

38.1 

Pairs  with  two  pairs  in 
between  { 3-6 ,  4-7 , . . . ) 

42.6 

41.0 

43.0 

41.4 

Diagonally  positioned 
pairs  ( 3-7  ,  4-8 , . . . ) 

42.8 

42.3 

43.0 

42.6 
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<P(x) 


(12) 


=  ^  (x)  -  4)j  (x)  ( 1 2) 

<p.  is  the  deviation  from  ideal  twisting 
1  in  pair  i 

c  is  the  Fourier  coeffisient  of  length 
n  interval  n 

i  is  the  position  of  an  interchange 
Consequently : 

4 

N 

N  =  jB  l  f  c  cos  (sx+ip(x)  )  e-2ax_22l'xdx 
n=1  l  ,  (13) 


to  the  measured  deviations  in  the  two  pairs 
by: 

Ui)  =  <  t  )  *  c  ^  t )  (19) 

Combining  (14), (15)  and  (17)  and  changing 
variables  u  =  x+y  and  v  =  x-y  gives: 

,2  N  N  rt  n  ~  ~ 

P’  =  V  l  l  cncm  J  J  e’  U  ’  V  R,v)  • 

n=1  m~ 1  R  (20) 

run 

cos  sv  dudv 

Rnm  are  the  transformed  ranges  of  integra¬ 
tion. 


The  cross-stranding  process  and  the  random 
twisting  are  assumed  to  be  uncorrelated. 
Calculating  average  near  end  crosstalk 
power,  we  first  take  the  expectation  with 
respect  to  random  twisting: 

p’  =  <N  N*>  = 

2N  N  jn  j^m 

£5  £  l  cncm  <cos  (sx+<p(x)  )  • 

n  =  1  m=1  J,  l 

n-1  m-1  (14) 

cos  (sy+ip(y)  )  >  e  2a(x+Y)  2jP(x  y)  dyjjx 

<  >  denotes  expectation  with  respect  to 
the  twisting  process 

*  denotes  complex  conjugation. 

Manipulating  the  expression  inside  the 
expectation  gives: 

<cos  (sx+ip(x) )  cos  (sy  +t>(y ) )  >  = 

1  i 

?<cos  ip  >cos  s  (x+y)+ 7<sin  ip  >sin  s(x+y) 

1  1  (15) 

+  2<ccs  cp_>cos  s(x-y)+2<sin  iP_>sin  s(x-y) 


From  the  results  of  section  2.1  we  observe 
that  R(v)  is  essentially  different  from 
zero  only  for  v  less  than  a  fraction  of  a 
meter.  Thus  the  integration  limit  with 
respect  to  v  can  be  extended  to  infinity. 
The  length  of  the  cross-stranding  intervals 
are  approximately  one  meter  in  average .  Thus 
the  major  contributions  to  p'  are  caused  by 
terms  having  n=m.  Neglecting  the  boundary 
effects  between  the  integration  ranges 
gives:  « 


rn  -> 

-  2au 
e 


cos  sv  dv  du 

This  means  that  c  •  c  .  has  been  replaced 
2  2  n  n+1 

by  c„  and  Cn+i  in  small  regions  near  the 
borders  between  integration  ranges.  Accor¬ 
ding  to  Table  1,  c-)  shows  moderate  varia¬ 
tions  for  different  pair  positions,  so  that 
this  simplification  will  cause  only  small 
approximation  errors  in  the  final  result 
after  averaging  with  respect  to  cross- 
stranding. 


<p+  =  ip(x)  +  cp(y)  (16) 

ip_  =  <p(x)  -  <p(y) 

Both  ip+  and  <p_  will  be  Gaussian  with  zero 
mean.  Because  sine  is  an  odd  function, 
both  the  sine  terms  of  (15)  will  be  zero. 
The  first  term  of  (15)  will  have  random 
phase  angle  and  does  not  contribute  to  the 
integral. 

Denoting  the  expectation  of  cos  cp_  by  R, 
yields : 

R(x-y)=<cos  ip_>  = 


dz  =  e 


To  simplify  the  result  we  introduce  the 
Fourier  transform  of  R(v)  which  is  denoted 
G(s),  and  where  s  is  given  in  angular  twist 
frequency: 


G ( s)  =  |  R ( t )  e"STdT 


-s  I  , 
e  d: 


Integrating  (21)  with  respect  to  u  and  in¬ 
troducing  (22)  gives: 


2 

P’  =  [g  ( s  +  2S)  *  G(s-2£ 

N  n  .  -4c xv  \ 

r  2  /  n-1  n\ 

I  C  -e  j 

n=1  '  ' 


F  =  F(x-y)  =  <[ip(x)  -  qj (y )  ]  >  (18) 

For  uncorrelated  deviation  from  ideal 
twisting  in  different  pairs,  F  can  related 


Averaging  with  respect  to  cross-stranding 
leads  to: 
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p  =  [l  -  e  4  “  j[G(s  +  2,')  *G(s-2  ■)  j  (24) 

~ 2  2 

c  is  the  expectation  of  c  with  respect 

to  the  cross-stranding  process. 


For  cables  of  length  greater  than  a  few 
hundred  meters  the  term  e-^1'  becomes 
negligible.  For  the  frequencies  of  inter¬ 
est  (f  <  10  MHz)  is  negligible  compared 
to  the  twist  frequencies.  Average  near 
end  crosstalk  power  between  two  pairs  i 
and  j  can  now  be  expressed: 


P 


02  2 
3  c 

8  a 


G  ( s  ^  —  Sj) 


(25) 


The  result  shows  the  same  15  dB/decade 
frequency  variation  as  calculated  by 
Cravis  and  Crater  [5]  for  conventional 
pair  cables,  which  corresponds  to  measure¬ 
ments  of  both  conventional  and  cross- 
stranded  cables. 


In  Fig.  2  it  was  shown  that  G(s)  has  its 
maximum  at  s=0  and  decreases  monoton ical ly 
with  s.  Consequently  the  twist  periods 
should  be  essentially  different  for  all 
pairs.  Short  twist  periods  are  disadvan¬ 
tageous  because  of  reduced  production 
efficiency,  and  too  long  twist  periods  can 
not  be  tolerated  because  the  pairs  will 
split  and  cause  other  crosstalk  mechanisms 
than  described  here.  According  to  (25)  a 
uniform  distribution  of  twist  frequencies 
over  the  permissible  range  of  variation 
will  be  optimum  if  cz  and  ■( : )  are  equal 
for  all  pair  combinations. 

Calculation  of  near  end  crosstalk  caused 
by  the  second  term  in  the  Fourier  series 
(the  sum  of  twist  angles)  will  produce  the 
same  result  as  (25)  but  with  the  differen¬ 
ce  of  the  twist  frequencies  replaced  by 
the  sum  s^  +  s-i,  and  that  c^  means  an  ave¬ 
rage  of  C2  instead  of  average  c-|  .  For 
typical  cross-stranded  cables  having  twist 
periods  in  the  range  60-90  mm,  the  largest 
si~sj  will  be  35  rad/m  and  the  smallest 
s^+sj  will  be  140  rad/m. 

Extrapolating  the  results  of  Fig.  2  indi¬ 
cates  that  G(s)  is  at  least  10-15  dB 
greater  for  the  difference  term  than  for 
the  term  no.  2.  Table  1  shows  that  c^  may 
be  up  to  10  dB  lower  for  the  difference 
term  for  pairs  having  short  average  sepa¬ 
ration.  This  means  that  the  term  contain¬ 
ing  the  sum  of  twist  angles  may  be  almost 
equal  in  magnitude  for  the  pairs  having 
best  near  end  crosstalk  performance.  Thus 
for  accurate  calculations  the  second  term 
should  be  taken  into  account.  However  for 
the  critical  pair  combinations  having  small 
differences  in  twist  frequency,  the  diffe¬ 
rence  term  will  be  dominating. 


fe.  FAR  END  CROSSTALK 

From  Klein  (4],  equal  level  far  end  cross¬ 
talk  IELFEXT)  can  be  expressed: 


F 


F (x) dx 


126) 


In  the  same  way  as  for  near  end  crosstalk 
it  is  assumed  that  only  the  difference  term 
of  the  Fourier  series  contributes  to  cross¬ 
talk.  This  is  a  much  better  approximation 
for  far  end  crosstalk  because  c1  and  c 2 
are  almost  equal  in  magnitude  as  shown  in 
Table  1.  Using  the  same  expression  for 
•p(x)  as  given  by  (10)  yields: 


F 


n=  1 


cos  (  sx+ip  (x)  )  dx 


(27) 


'  n-1 


For  a  given  set  of  cross-stranding  inter¬ 
vals,  the  average  far  end  crosstalk  power 
will  be: 


q'  =  <F • F  *>  = 

N  N  rn  ',m 


w  n  ,n  a" 

I  I  <  coslsx-npl 

n-  1  m=  1 


n-1  m-1 


x)  )>  cos  (sy  +4>(y ) )  > 
(28) 
dy  dx 


Carrying  out  the  same  steps  as  for  near  end 
crosstalk  gives: 


.  2  N  N 

4  f.Cncm 

n-  1  m= 1 


cos  sv  R ( v)  dv  du 

(29) 


Using  the  same  approximations  as  for  near  end 
crosstalk : 

2  ?  2  f 

q '  -  ^  cn  *'n”'n-1*  cos  sv  R*v*dv  = 

n=  1  1 

o 


Vi|G(s) 


(30) 


Averaging  with  respect  to  cross-stranding 
gives : 


q  =  ~  P2c2i  G(si-sj)  (31) 

The  result  shows  the  experieced  20  dB, deca¬ 
de  frequency  variation  and  10  dB/decade 
length  variation  as  calculated  by  Cravis 
and  Crater  [5].  It  also  shows  that  far  end 
crosstalk  in  principle  varies  in  the  same 
way  with  twist  periods  as  near  end  cross¬ 
talk. 
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V 


7.  COMPARISONS  WITH  MEASUREMENTS 


Crosstalk  measurements  have  been  carried 
out  on  a  45  nF/km,  .6  mm,  subscriber  cable, 
having  from  30  to  150  pairs  in  10-pair 
cross-stranded  units.  Both  near  end  and 
far  end  crosstalk  were  measured  for  all 
pair  combinations  within  56  different  10- 
pair  groups  and  for  41  combinations  of  ad¬ 
jacent  10-pair  groups.  All  measurements 
were  carried  out  as  single  frequency  mea¬ 
surements  at  f  =  .35,  1  and  4  MHz.  The 

measurements  were  scaled  according  to  the 
results  of  sections  5  and  6  to  1  MHz  and 
1  km.  Then  crosstalk  for  each  spesific 
pair  combination  was  averaged  on  a  power 
basis  over  all  cables  and  frequencies. 

This  gives  estimates  for  each  pair  combina¬ 
tion  having  a  standard  deviation  of  approx¬ 
imately  .5  dB. 

It  is  important  that  crosstalk  is  not 
averaged  directly  on  a  dB-basis  because  the 
estimates  will  be  biased  and  have  consider¬ 
ably  greater  variance.  A  few  very  good 
crosstalk  values  will  contribute  strongly 
to  the  dB-average  and  this  is  undesirable 
because  the  part  of  the  distribution  having 
poorest  crosstalk  values  is  of  major  inte¬ 
rest. 

The  geometrical  measurements  were  carried 
out  for  a  previous  cable  design,  and  we  do 
not  have  a  comprehensive  set  of  both  cross¬ 
talk  measurements  and  geometrical  measure¬ 
ments  for  the  same  type  of  cable.  Thus 
crosstalk  can  not  be  directly  calculated 
from  the  geometrical  measurements,  but  the 
parameters  of  the  model  will  be  calculated 
from  the  crosstalk  measurements  so  that  de¬ 
viations  between  measurements  and  calcula¬ 
tions  are  minimized. 


7.1.  Crosstalk  between  adjacent  10-pair 
cross-stranded  croups 


Different  adjacent  10  pair  groups  will  have 
a  random  relative  orientation.  Consequent¬ 
ly,  the  average  pair  to  pair  distance  be¬ 
tween  the  two  groups  will  be  constant,  and 
the  coefficients  c2  of  (25)  and  (31)  will 
be  equal  for  all  pair  combinations.  Thus 
crosstalk  between  adjacent  groups  should 
depend  only  upon  the  twist  frequencies. 
Correlating  measured  crosstalk  versus  the 
difference  in  twist  frequency  gives  the 
plots  in  Figs  8  and  9. 


The  result  of  Fig.  2  indicates  that  devia¬ 
tions  from  ideal  twisting  is  statically  al¬ 
most  equal  in  all  pairs.  If  this  was  the 
case  also  in  the  new  cable  and  our  approxi¬ 
mations  are  valid,  the  points  of  Figs.  8 
and  9  should  gather  around  a  smooth  curve. 
However,  the  variations  are  greater  than 
can  be  expected  from  the  statistical  un¬ 
certainty  of  the  measurements.  It  is  a 
tendency  that  pairs  having  long  twist  peri¬ 
ods  show  crosstalk  values  poorer  than  the 
average . 


S  1  RAD/M ! 


Fig.  8.  Near  end  crosstalk  for  different  pair 
combinations  of  adjacent  groups  versus 
twist  frequency  difference. 
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Fig.  9.  Far  end  crosstalk  for  adjacent  groups 
versus  twist  frequency  difference. 
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The  average  curves  of  Figs.  8  and  9  have 
considerably  steeper  variation  in  dB  than 
the  curves  of  Fig.  2.  The  deviations  from 
the  model  may  have  different  reasons  as 
listed  below: 

-  The  term  in  the  Fourier  series  contain¬ 
ing  the  sum  of  twist  angles  may  contri¬ 
bute  significantly  to  crosstalk. 
According  to  the  geometrical  measure¬ 
ments  this  effect  should  be  important 
only  for  the  largest  values  of  s  for 
near  end  crosstalk  (Fig.  8).  However 
the  observed  results  may  be  caused  by  a 
G(s)  having  less  steep  variation  with  s 
than  measured  in  Fig.  2. 

-  The  deviation  from  ideal  twisting  may 
vary  significantly  with  the  twist 
periods . 

-  Unbalances  due  to  the  pair  interchanges 
in  the  cross-stranding  process  may  cause 
crosstalk . 

-  The  terms  c^  of  the  coupling  factors  may 
have  significant  amplitude  variations 
along  the  cable,  caused  by  the  complica¬ 
ted  mechanical  interaction  between  the 
pairs . 

-  The  pairs  having  the  longest  twist  peri¬ 
ods  will  have  the  weakest  forces  keeping 
the  pairs  together,  and  this  may  cause 
variations  in  the  distance  between  the 
conductors  of  a  pair. 

The  crosstalk  measurements  do  not  contain 
sufficient  information  to  reveal  the  cause 
of  the  discrepancy.  This  can  be  done  only 
by  means  of  new  geometrical  measurements. 
However,  it  is  a  preliminary  aim  to  pre¬ 
dict  the  crosstalk  variation  with  twist 
periods.  It  is  assumed  that  the  deviation 
from  ideal  twisting  can  be  modelled  by 

Ci( i )  =  at'  (32) 

where  a  is  equal  for  all  pairs. 

In  addition  an  additive  empirical  term  is 
introduced  to  explain  the  poorer  cross¬ 
talk  for  long  twist  periods.  Average  near 
end  crosstalk  power  can  then  be  expressed: 


P  = 


,2  2 

-  c 


2a 


2  2 

(  s^s  ^  )  ♦  a 


♦  k 


(33) 


Average  equal  far  end  crosstalk  power  will 
be: 


q  = 


2  2 
c 


2a 


,  ,  2  2 
(s^Sj)  +a 


+  k 


(^)l 


(34) 


k  and  n  are  empirical  constants 

pn  =  100  mm  is  a  reference  twist  period. 


The  parameters  c  ,  a,  k  and  n  were  optimi- 


mized  to  reduce  the  mean  square  deviation 
from  the  measured  crosstalk  values.  For 
convenience,  independent  optimizations 
were  carried  out  for  near  end  and  far  end 
crosstalk.  The  results  are  shown  in  Table 
2. 


Table  2.  Parameter  values  found  by  minimizing  de¬ 
viations  from  measured  crosstalk  between 
adjacent  groups. 


Darameter 

Near  end  crosstalk 

Far  end  crosstalk 

-10  lg  C7 

48.6  dB 

46.8  dB 

-1 

-1 

a 

5.17  m 

4  .44  m 

k 

.693  ra 

.175  m 

n 

2.48 

1  .66 

The  value  of  a  should  be  expected  to  be 
the  same  for  both  near  end  and  far  end 
crosstalk.  However,  the  difference  is 
moderate  and  demonstrates  the  uncertainty 
of  the  calculated  parameters  due  to  the 
statistical  uncertainty  of  the  crosstalk 
estimates.  The  calculated  values  of  a  are 
also  in  relatively  good  agreement  with  the 
geometrical  measurements,  thus  indicating 
that  the  model  for  the  deviations  from 
ideal  twisting  (32)  is  correct. 


CALCULATED  NEXT.  ADJACENT  GROUPS  IDS  I 


Fig.  10.  Correlation  between  calculated  and  mea¬ 
sured  near  end  crosstalk  between  adjacent 
cross-stranded  groups  for  different  pair 
combinations. 
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For  the  parameters  shown  in  table  2  the 
correlation  between  calculated  and  mea¬ 
sured  crosstalk  will  be  as  shown  in  Figs. 
10  and  11. 


CALCULATED  ELFEXT.  ADJACENT  GROUPS  (Del 


Fig.  11.  Correlation  between  calculated  and  mea¬ 
sured  far  end  crosstalk  between  adjacent 
cross-stranded  groups. 


0  5  (0 

DISTANCE  IN  MATRIX 


Fig.  12.  Difference  between  near  end  crosstalk  in 
adjacent  groups  and  crosstalk  within 
groups  versus  pair  to  pair  distance  in 
the  cross-stranding  matrix. 


Except  for  a  few  points  of  Figs.  10  and  11» 
differences  between  calculations  and  mea¬ 
surements  correspond  to  the  variance  of 
the  measured  crosstalk.  Thus  by  intro¬ 
ducing  an  empirical  correction  to  the 
model,  it  has  successfully  been  described 
how  crosstalk  varies  with  twist  periods  in 
a  cross-stranded  cable. 


Crosstalk  within  10-pair  cross- 
stranded  groups 


As  shown  in  the  geometrical  measurements, 
the  average  pair  to  pair  distance  varies 
as  a  function  of  the  separation  in  y- 
direction  in  the  cross-stranding  matrix. 
Consequently  the  parameter  c^  will  also  be 
a  function  of  the  distance  in  the  matrix. 
The  variation  of  crosstalk  due  to  nonideal 
twisting  should  according  to  (25)  and  (31) 
be  the  same  for  pairs  in  different  groups 
and  pairs  within  a  group.  Thus  by  taking 
the  difference  between  crosstalk  of  adja¬ 
cent  groups  and  crosstalk  within  groups 
for  each  pair  combination,  an  estimate  for 
the  variations  of  c?  is  obtained  which  is 
shown  in  Figs.  12  and  13. 


For  small  distances  in  the  matrix  the 
crosstalk  difference  has  somewhat  greater 
variations  than  can  be  expexted  from  the 


o  s  ID 

DISTANCE  IN  MATRIX 


Fig.  13.  Difference  between  far  end  crosstalk  in 
adjacent  groups  and  crosstalk  within 
groups  versus  pair  to  pair  distance  in 
the  cross-stranding  matrix. 
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uncertainty  of  the  crosstalk  measurements, 
but  the  crosstalk  variations  of  Figs.  12 
and  13  can  almost  entirely  be  explained 
from  the  distances  in  the  cross-stranding 
matrix . 

Fitting  a  smooth  curve  through  rigs.  12 
and  13  gives  the  values  of  c^  for  pairs 
within  a  group  shown  in  Table  3. 


~7 

Table  3.  Average  Fourier  coefficients  c  for 
pairs  within  a  10- pair  unit. 


Distance  in  y 
direction  in 
cross- st ran ding 
rra  trix 

Near  end  cross¬ 
talk 

— 

Far  ond  cross-  1 
talk 

t 

o 

iQ 

-10  Ig  c7 

i 

35.5 

36.5 

2 

37.7 

38.7 

3 

39.2 

40.2 

4 

40.3 

41.3 

5 

4  1.2 

42.2 

6 

42.0 

43.0 

7 

42.7 

43.7 

8 

43.3 

44.3 

9 

43.8 

44.8  ; 

The  range  of  variations  of  the  Fourier 
coefficients  of  Tables  1  and  3  are  almost 
the  same.  This  means  that  the  relative 
distances  between  pairs  in  the  cross- 
stranding  matrix  are  almost  maintained  in 
the  final  cable  and  that  this  variation  is 
even  stronger  than  in  the  geometrical  mea¬ 
surements  shown  in  Fig.  7.  This  may  be 
caused  by  a  misad justment  of  the  cross- 
stranding  machine  during  the  production  of 
the  cables  used  for  crosstalk  measurements. 

The  pairs  having  the  largest  separation 
have  slightly  smaller  Fourier  coefficients 
in  Table  3  than  calculated  for  diagonally 
positioned  pairs  in  Table  1 .  This  means 
that  the  methods  used  for  calculating 
capacitance  and  inductance  matrices  proba¬ 
bly  underestimates  the  shielding  effect 
caused  by  the  other  pairs  in  the  cable 
when  calculating  the  coupling  for  two  well 
separated  pairs. 

— 2 

Using  c  in  Table  3  and  the  other  parame¬ 
ters  found  from  crosstalk  between  qroups, 
the  correlation  between  calculations  and 
measurements  for  crosstalk  within  groups 
is  as  shown  in  Figs.  14  and  15. 

The  deviations  between  calculations  and 
measurements  are  slightly  greater  than  in 
Figs.  10  and  11  because  the  parameters 
have  been  matched  to  measurements  of  pairs 
in  adjacent  groups.  By  adjusting  the 
parameters  to  measurements  within  groups, 


Fig.  14.  Correlation  between  calculated  and  mea¬ 
sured  near  end  crosstalk  within  10-pair 
cross-stranded  groups. 


Fig.  15.  Correlation  between  calculated  and  mea¬ 
sured  far  end  crosstalk  within  10-pair 
cross-stranded  groups. 
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this  difference  could  be  removed.  However, 
Figs.  14  and  15  show  good  correlation  be¬ 
tween  calculations  and  measurements,  and 
by  introducing  the  empirical  term  in  (33) 
and  (34)  a  model  has  been  obtained  which 
predicts  the  variations  of  crosstalk  with 
twist  periods  for  pairs  within  a  10-pair 
cross-stranded  group. 

8.  IMPROVEMENT  OF  CROSSTALK 

In  this  paper  it  has  been  described  how 
crosstalk  varies  with  twist  periods  for  a 
given  cable  design  and  a  given  adjustment 
of  the  existing  cross-stranding  machines. 
The  results  of  section  7  primarily  explain 
how  crosstalk  will  change  if  only  the 
twist  periods  are  changed  ,  keeping  all 
other  parameters  constant,  and  possible 
improvements  of  crosstalk  will  be  dis¬ 
cussed  for  this  case.  Further  improve¬ 
ments  may  be  obtained  by  modifications  of 
machinery  and  cable  design,  so  that  the 
parameters  of  the  model  are  changed,  but 
this  is  not  addressed  here. 

For  PCM  use  of  cross-stranded  cables  it 
will  be  convenient  to  put  the  two  direc¬ 
tions  of  transmission  in  separate  groups. 
In  this  case  near  end  crosstalk  between 
adjacent  groups  will  be  critical.  As 
shown  by  (33),  two  pairs  in  adjacent  groups 
having  equal  twist  periods  will  have 
poorest  crosstalk  performance.  Using 
different  sets  of  twist  periods  in 
different  groups  is  unconvenient  from  a 
production  point  of  view,  and  the  possible 
crosstalk  improvement  of  this  approach 
will  be  negligible.  According  to  (33)  the 
term  caused  by  nonideal  twisting  will  re¬ 
main  constant  for  pairs  of  equal  twist 
periods,  but  the  empirical  term  is  almost 
eliminated  by  choosing  essentially  shorter 
twist  periods.  By  reducing  the  longest 
twist  period  from  90  to  70  mm  the  crosstalk 
of  the  poorest  pair  combination  will  be 
reduced  by  2  dB.  Thus  a  moderate  reduc¬ 
tion  of  crosstalk  between  adjacent  groups 
can  be  obtained  by  only  changing  the  twist 
periods . 

For  crosstalk  within  a  10-pair  unit  the 
model  predicts  larger  possible  crosstalk 
improvements.  Average  crosstalk  of  the 
poorest  pair  combination  is  used  as  a  mea¬ 
sure  of  crosstalk  quality.  This  gives  a 
good  and  simple  indication  of  crosstalk 
performance,  but  power  sum  distributions 
will  be  more  accurate. 

To  obtain  a  quick  estimate  we  assume  that 
c^  is  equal  for  all  pair  combinations  and 
start  with  a  cable  having  uniformly  dis¬ 
tributed  twist  frequencies  over  the  in¬ 
terval  corresponding  tc  twist  periods  from 
60  to  90  mm.  The  critical  pair  combina¬ 
tions  are  pairs  having  adjacent  twist 
periods.  A  3  dB  improvement  of  near  end 


crosstalk  may  be  obtained  by  choosing  opti¬ 
mum  twist  periods  over  the  interval  55- 
90  mm,  and  a  6  dB  improvement  is  predicted 
for  twist  periods  40-80  mm.  The  measure¬ 
ments  have  been  carried  out  only  for  twist 
periods  greater  than  60  mm  so  that  the 
predictions  above  are  extrapolations  from 
the  model  which  mur  be  used  carefully. 

For  essentially  sho. ter  twist  periods, 
other  crosstalk  mechanisms  may  be  present, 
for  instance  because  the  assumption  of 
piecewise  parallel  conductors  is  violated. 
However,  the  model  clearly  indicates  that 
shorter  twist  periods  must  be  used  to  im¬ 
prove  crosstalk. 

9.  CONCLUSION 

A  statistical  model  has  been  presented 
which  makes  it  possible  to  calculate  cross¬ 
talk  in  ctoss-stranded  cables  on  the  basis 
of  the  cable  geometry.  Ordinary  pair 
cables  can  be  handled  as  a  special  case. 

The  model  is  suitable  for  frequencies  from 
100  kHz  to  10  MHz.  It  is  shown  that  cross¬ 
talk  in  pair  cables  is  mainly  caused  by 
irregular  twisting  of  the  pairs. 

Crosstalk  depends  strongly  upon  the  twist 
periods,  and  pair  combinations  having 
small  differences  in  twist  periods  will 
have  the  poorest  crosstalk  performance. 

The  model  will  be  a  helpful  tool  for  se¬ 
lecting  optimum  twist  periods  in  a  cable. 

Extensive  crosstalk  measurements  have  been 
carried  out  for  45  nF/km,  .6  mm,  cross- 
stranded  subscriber  cables.  After  intro¬ 
ducing  minor  empirical  corrections,  the 
model  correctly  predicts  the  variations  of 
both  near  end  and  far  end  crosstalk  for 
different  pair  combinations  in  this  type 
of  cable.  It  is  shown  that  improvements 
of  crosstalk  can  be  obtained  by  choosing 
essentially  shorter  twist  periods  of  all 
pairs. 
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ABSTRACT 

Telephone  companies  of  the  world  are  having  net¬ 
work  problems  due  to  impedance  mismatch  and 
impedance  irregularities  in  their  telephone  net¬ 
work.  This  is  caused  to  a  large  extent  by  toler¬ 
ances  on  the  primary  parameters  and  on  unbalances 
of  the  circuits  in  telephone  cables.  This  re¬ 
sults  in  reflections  and  standing  waves  which 
affect  voice  frequency  and  carrier  frequency 
telephone  transmission.  This  paper  highlights 
these  irregularities  and  recommends  specific 
values  and  tolerances  which  would  considerably 
reduce  the  impedance  mismatch  between  telephone 
cables  and  telephone  cables  connecting  to 
switching,  transmitting  and  receiving  equipment, x 

✓ 

j] 

INTRODUCTION 

Although  U.  S.  telephone  companies  have  more 
rigid  telephone  cable  specifications  than  most 
of  the  other  countries  of  the  world,  the  trend 
in  the  U.  S.  and  other  countries  is  to  reduce 
telephone  network  losses  through  more  rigid 
telephone  cable  specifications.  These  specifi¬ 
cations  reduce  the  measurement  values  and  toler¬ 
ances  and  increase  the  measurement  parameters; 
thereby  improving  the  transmission  characteris¬ 
tics  by  reducing  impedance  mismatch  losses. 

1.  THE  TELEPHONE  NETWORK 

A  telephone  circuit  consists  of  three  essential 
parts:  A  source  of  energy,  a  medium  for  which 
it  is  desired  to  transmit  energy  to  a  receiving 
device  and  the  receiving  device  itself,  which 
usually  converts  the  electric  energy  into  some 
more  useful  form.  In  a  telephone  connection  the 
transmitter  may  be  considered  as  the  source  of 
energy.  The  cable  from  the  speaking  party  to 
the  listening  party  with  all  of  its  associated 
switching  equipment  and  connections  is  the 
transmission  medium  and  the  telephone  receiving 
at  the  distant  end  is  the  third  part  of  the 
transmission  system  or  the  device  which  converts 
small  electric  currents  into  audible  vibration 
of  air  called  sound  waves.  A  signal  which  is 
transmitted  is  subject  to  various  influences 
that  deteriorate  its  quality  from  the  source 
via  the  conversion  equipment  and  the  transmis¬ 
sion  facilities  to  the  receiving  terminal.  The 
most  significant  of  these  influences  are 
IMPEDANCE  IRREGULARITIES  resulting  in  loss  due 
to  reflections  and  noise  due  to  unbalances  and 


crosstalk.  Since  the  transmission  characteristics 
of  a  cable  are  indicated  by  its  characteristic 
impedance  (Z0)  and  the  propagation  constant  (-,), 
which  in  the  case  of  homogeneous  lines  are  deter¬ 
mined  by  the  four-line  primary  constants  (resis¬ 
tance,  R;  inductance,  L;  conductance,  G;  and 
capacitance,  C),  every  irregularity  in  the  homo¬ 
geneous  line  represents  a  di scontinui ty  with  par¬ 
tial  reflection  of  the  energy.  These  discontin¬ 
uities  which  affect  the  transmission  quality 
result  from  the  interconnection  of  lines  with 
differing  impedances  and  from  internal  irregular¬ 
ities  in  the  line.  . 

2.  CHARACTERISTIC  IMPEDANCE  (Z^ 

Since  impedance  mismatch  between  cables  and  im¬ 
pedance  irregularities  within  cables  are  so  impor¬ 
tant,  let's  determine  the  characteristic  impedance 
of  a  transmission  line  in  terms  of  the  primary 
parameters  RLGC. 

The  fundamental  transmission  characteristics  of 
the  twisted  pair  transmission  line  are  determined 
by  four  basic  properties  known  as  the  primary 
parameters  of  the  line.  These  are  the  Resistance 
or  the  conductors,  R;  the  Inductance  of  the  con¬ 
ductors,  L;  the  capacitance  between  the  two  con¬ 
ductors,  C;  and  the  leakage  resistance  or  conduc¬ 
tance  between  the  conductors,  G.  These  four 
qualities  combine  to  give  the  line  a  value  of 
impedance;  R  and  L  are  series  parameters  and  C 
and  G  are  shunt  parameters.  In  terms  of  these 
parameters,  a  multi-section  uniform  network  sim¬ 
ulating  the  transmission  line  may  be  represented 
by  Figure  2-1. 


I- - — I- - 1 


Fig.  2-1  Series  Connected  Sections  to  Approximate 
a  Distributed  Transmission  Line 

What  amount  of  input  current  iin  is  needed  to 
produce  a  given  voltage  V-jn  across  the  line  as  a 
function  of  the  primary  parameters  R  L  C  G  of  the 
transmission  line?  Combining  the  series  terms  R 
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and  L  together  simplifies  calculation  of  the 
series  impedance  Z s  as  follows: 

Zs  =  (R+jwL)  Eq.  2.1 

Likewise,  combining  C  and  G  produces  a  parallel 
impedance: 


As  Equation  2.5  shows,  ttie  value  of  characteristic 
impedance  is  dependent  solely  on  the  primary  par¬ 
ameters  of  the  line  and  the  frequency.  At  any 
given  frequency,  therefore,  this  impedance  has  a 
fixed  value  for  any  given  type  of  line  regardless 
of  the  length  of  the  line  or  what  may  be  connected 
to  the  line. 


Zp  =  1 

w  (G+JwC)  Eq.  2.2 

Based  on  equations  2.1  and  2.2  we  can  represent 
Fig.  2-1  as  Fig.  2-2. 


i|  V  •  ti  h  *  l* 


Fig.  2-2  Impedance  Network 

Since  it  is  assumed  that  the  impedance  network  is 
infinite  in  length,  the  impedance  looking  into  any 
cross  section  should  be  equal,  that  is,  Zi  =  Zz-lt 
etc.  Therefore  we  now  represent  Fig.  2-2  as  Fig. 

2-3: 


Fig.  2-3  Characteristic  Impedance 


Z„  is  the  characteristic  impedance  of  the  line  and 
?,in  must  equal  this  impedance;  Zin  =  Z0.  From 


Fig. 


2-3 

Zin  =  Zs 


-  Z0 


Eq.  2.3 


multiplying  both  sides  by  (Z0  +  ZJ  collecting 

terms  and  using  the  quadratic  formula  we  get 

<(*R+jwL)  .  1  / 12  (R+jwL) 2  +  1  feMl 

Z»  -  -  2  4  2  V  [G+jwC J 


The  characteristic  impedance  of  a  transmission 
cable  is  thus  very  important  for  impedance  match¬ 
ing.  If  the  impedance  of  one  cable  connected  to 
another  is  different,  some  of  the  energy  applied 
to  the  line  will  be  reflected  from  the  connection 
point  back  to  the  source.  This  represents  a  loss 
of  power,  but  if  the  impedance  of  both  cables  is 
the  same,  all  of  the  energy  applied  to  the  line 
will  pass  to  the  load  with  designed  line  attenua¬ 
tion.  If  the  impedance  of  the  load  connected  to 
the  line  is  different  from  the  characteristic  im¬ 
pedance  of  the  line,  some  of  the  energy  applied  to 
the  line  will  be  reflected  from  the  load  back  to 
the  source  with  a  loss  of  power;  but  if  the  load 
impedance  is  the  same  as  the  lines  characteristic 
impedance  (Z0)  all  the  energy  applied  to  the  line 
will  be  absorbed  by  the  load. 

2.1  Propagation  Constant  (Phase  Shift  and 
Propagation  Velocity) 

Referring  to  Fig.  2-3  there  will  be  some  phase 
shift  and  loss  of  signal  of  V;  with  respect  to  V) 
because  of  the  reactive  and  resistive  parts  of  Zs 
and  Zp.  Each  small  section  of  the  line  (t)  will 
contribute  to  the  total  phase  shift  and  amplitude 
reduction  if  a  number  of  sections  are  cascaded  as 
in  Fig.  2-2.  It  is  important  to  determine  the 
phase  shift  end  signal  amplitude  loss  contributed 
by  each  section  because  the  velocity  of  progagation 
effects  voice  intelligibility.  If  different  fre¬ 
quencies  arrive  at  the  ear  at  different  times,  the 
voice  may  not  be  recognizable. 


Using  Fig.  2-3  V;  can  be  expressed  as 


1 


(ZS  +  ZpZ,)/(Zp+Z,)  / 
Eq.  2.6 


Eq.  2.7 


Eq.  2.4 

As  the  section  length  e  is  reduced,  all  the  par¬ 
ameters  (RLGC)  decrease  in  the  same  proportion. 
This  is  because  RLGC  are  constants  for  a  qiven 
line.  As  ;  approaches  zero,  the  terms  in  Eq.  2.4 
which  contains  t  as  a  multiplier  will  become  neg¬ 
ligible  when  compared  to  the  last  term, 
(R+JwL/G+jwC)  which  remains  constant  as  t 
approaches  zero.  Therefore,  Eq.  2.4  can  be  writ¬ 
ten  as 


In  terms  of  ,  the  per  unit  length  constant  we  can 
show  a  reduction  in  amplitude  and  the  change  in 
phase  per  unit  length  of  the  section  by 


JB. 


Eq.  2.8 


and  since 

Vr  =  Vie’  't  +  V!e'jB(  Eq.  2.9 

where  V]  ~at  is  the  signal  attenuation  and  V1e"'’Bf 
is  the  change  in  phase  from  Vi  to  V:.  By  combin¬ 
ing  equations  taking  logm  substituting  Eq.  2.5 
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for  Z0  and  using  the  1ogia  series  expansion  we  can 
obtain 


duced  attenuation  allows  them  a  greater  influence 
on  the  resultant  signal. 


fh 

T?  -  * 


V^R+jw 


L) (G+jwC) 


Eq.  2.10 


and  then  dividing  by  the  section  length 

Y  =/~(R+jwL)  (G+jwC)  Eq.  2.11 


The  propagation  constant  in  terms  of  the  line  pri¬ 
mary  parameters  R  L  C  G.  If  the  resistive  compon¬ 
ents  R  and  G  are  further  neglected  by  assuming  the 
line  is  reasonably  short,  Eq.  2.11  can  be  reduced 
to  read 


jB0 


Eq.  2.12 


dividing  by  j  and  I 

B  =  W  y/Tt  Eq.  2.13 

Eq.  2.13  shows  that  the  lossless  transmission  line 
has  very  important  properties.  Signals  introduced 
into  the  line  have  a  constant  phase  shift  per  unit 
length  with  no  change  in  amplitude.  This  progres¬ 
sive  phase  shift  along  the  line  actually  repre¬ 
sents  a  wave  traveling  down  the  line  with  a  velo¬ 
city  equal  to  the  inverse  of  the  phase  shift  per 
section.  This  velocity  is 

=  W  =  1 

B  \/  1C  Eq.  2.14 

The  larger  the  LC  product  of  the  line,  the  slower 
the  signal  will  propagate  down  the  line.  A  time 
delay  per  unit  length  can  also  be  defined  as  the 
reciprocal  of  y 


and  total  propagation  delay  for  a  line  of  length  t 
as 


t  =  ex  = 


Eq.  2.16 


The  propagation  constant  is  very  important  because 
it  contains  the  attenuation  and  phase  of  the  input 
signal  down  the  line  and  thus  affects  the  intelli¬ 
gibility  of  the  transmission.2  This  signal  repre¬ 
sents  the  sum  of  the  original  signals  fourier 
(continuous)  spectrum  because  both  the  attenuation 
and  the  propagation  velocity  of  these  fourier  com¬ 
ponents  increase  with  frequency.  The  resultant 
signal  shape  at  that  point  down  the  line  depends 
greatly  on  the  winners  of  the  race  to  get  to  that 
point.  The  high  frequency  components  with  their 
faster  propagation  velocity  arrive  first,  but  the 
increased  attenuation  minimizes  their  effect.  The 
low  frequency  signals  arrive  later,  but  then  re- 


2 . 2  Variations  in  ZD,  ■>(...)  and  Propagation 
Velocity  as  a  Function  of  Frequency 

The  variations  in  the  primary  line  parameters  as  a 
function  of  frequency  (Fiq.  2-4  )  have  a  significant, 
influence  on  the  secondary  parameters  of  Zo,  . i  ) 
and  y  (Fig.  2-5  and  Fiq.  2-6  ). 

Reviewing  Figs.  2-4  to  2-6  (plotted  from  Eq.  2.2  to 
2.6)  indicates  tnat  inductance  drops  approximately 
27 %  from  10  kHz  to  20  MHz.  The  capacitance  is  very 
stable  with  frequency  showing  no  change  from  0.1 
kHz  to  10  MHz  (providing  a  frequency  stable  dielec¬ 
tric  system  such  as  polyethelene  is  used).  Resis¬ 
tance  increases  approximately  80%  from  10  kHz  to 
12  MHz  and  the  conductance  increases  approximately 
100  times  from  100  kHz  to  12  MHz.  These  RLGC 
changes  cause  the  characteristic  impedance  to  be¬ 
come  purely  resistive  above  100  kHz  since  the  re¬ 
active  part  of  Zc  goes  to  zero. 


PIC/S/A  1.64  mm,  52  nF/Km 


Fig.  2-4  R  and  G  vs  Frequency 

PIC/S/A  0.64  mm,  52  nr/Km 


Fig.  2-5  l  and  C  vs  Frequency 
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Typical  behavior  of  the  line  attenuation  as  a 
function  of  frequency  is  shown  in  Fig.  ?-7  This 
attenuation  is  the  real  part  of  the  propagation 
constant  of  Eq.  2.3  as  shown  in  Eq.  2.4.  The 
change  in  resistance  is  the  primary  contributor 
to  the  attenuation  increase  as  a  function  of 
frequency,  due  to  the  skin  and  proximity  effects. 
The  attenuation  curve  is  plotted  from  Eq.  2.4 
which  is  expanded  from  2.1  to  eliminate  the  imag¬ 
inary  quantities. 


PIC/S/A  .64  mm,  52  nf/kn. 


Fig.  2-7  Attenuation  vs  Frequency 

NOTE:  PIC/S/A  =  Polyethelene  Insulated  Conductor, 
Solid,  Air  Core. 


Fia.  2-3  Propagation  Velocity  vs  Frequency 


The  variation  of  the  propagation  velocity  as  a 
function  of  the  signal  frequency  as  shown  in  Fig. 
2-5  is  called  "dispersion".  The  resistance  of  the 
line  results  in  signal  attenuation  and  the  attenu¬ 
ation  also  varies  with  frequency.  Attenuation  and 
dispersion  cause  the  frequency  components  of  a 
signal,  at  some  point  down  the  line,  to  be  quite 
different  from  the  frequency  components  of  the 
signal  applied  to  the  input  of  the  line.  Thus,  at 
some  point  down  the  line  the  frequency  components 
add  together  to  produce  a  wave  shape  that  may  dif¬ 
fer  significantly  from  the  input  wave  shape. 

Impedance  irregularities  even  when  they  are  small 
can  cause  phase  changes  which  can  cause  unintelli¬ 
gible  transmission. 

3.  ECHO  AND  SINGING  FROM  IMPEDANCE  IRREGULARITIES 

Echo,  as  the  name  implies,  refers  to  a  phenomenon 
whereby  a  part  of  the  signal  energy  traveling  in 
one  direction  reverses  its  direction  of  travel  due 
to  an  impedance  irregularity  and  returns  toward 
the  point  from  which  originated.’  This,  of  course, 
is  very  annoying  in  communication  circuits  because 
a  talker  may  hear  his  own  words  after  some  delay 
or  a  listener  may  hear  the  same  words  a  second 
time,  again  after  some  delay. 


POINTS 
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Fig.  3-2  Return  Loss  in  Toll  Networks 


Since  the  echo  signal  is  energy  which  returns  to 
the  point  of  origin,  the  magnitude  of  a  reflected 
signal  at  the  point  of  impedance  discontinuity  is 
generally  expressed  in  terms  of  "return  loss". 
Return  loss  is  a  function  of  the  impedances  which 
produce  the  reflection.  In  Fig.  3-2  the  return 
loss  at  junction  A  between  the  subscriber  loop  and 
the  toll  connecting  trunk  is  given  by 

Return  Loss  (dB)  =  20  Log-.-  ZL  - 

Eq.  3.1 

Where  ZL  is  the  impedance  looking  toward  the  sub¬ 
scriber  loop,  and  ZN  is  the  impedance  seen  look¬ 
ing  toward  the  toll. 


The  frequency  range  over  which  talker  echo  may  be 
significant  extends  from  about  500  hertz  to  2500 
hertz.  Listener  echo  results  when  the  talker  echo 
signal  is  again  reflected  and  the  impedance  dis¬ 
continuity  generates  a  secondary  echo  signal  which 
travels  towards  the  listener. 

A  singing  (high  frequency  sound)  condition  may 
occur  at  frequencies  outside  the  talker  echo  fre¬ 
quency  gain  mentioned  above  because  the  impedance 
match  between  interconnected  circuits  is  poorer  at 
these  frequencies  resulting  in  poorer  return  loss¬ 
es.  The  voice  frequency  bands  which  are  signifi¬ 
cant  with  regard  to  singing  are  from  200  to  500 
hertz  and  from  250G  to  3500  hertz.  Losses  at  the 
junction  between  the  toll  connecting  trunk  and 
the  subscriber  loop  generally  are  much  poorer  than 
those  at  the  junctions  between  intertoll  trunks 
making  the  loop/toll  connecting  trunk  interface 
the  predominant  source  of  signal  reflection.  This 
is  caused  because  generally  cables  of  the  same 
conductor  type  and  characteristic  impedance  are 
used  in  junctions  between  intertoll  trunks,  but 
cables  of  different  conductor  diameters  and  types 
are  used  between  the  connecting  trunk  and  sub¬ 
scriber  loops. 


3.1  Pi  ital  and  Analog  Carrier  Line  Losses 


In  digital  transmission  systems,  one  of  the  most 
serious  problems  is  crosstalk .*  Crosstalk  is 
basically  a  type  of  noise  and  as  such  its  absolute 
level  is  not  important.  What  is  important  is  the 
relationship  between  the  crosstalk  noise  and  the 
desired  signal;  that  is,  the  signal  to  noise  ratio 
(S/N).  Since  the  most  important  feature  of  digital 
transmission  lines  is  the  ability  to  reconstruct 
the  transmitted  pulse  train  after  it  has  traveled 
through  a  dispersive  and  noisy  medium,  the  signal 
to  noise  ratio  is  of  utmost  importance.  The  digi¬ 
tal  transmission  process  is  performed  by  regener¬ 
ative  repeaters  which  have  the  basic  functions  of 
equalization,  timing,  and  regeneration.  Fig.  3-3 
shows  the  different  stages  of  a  PCM  signal  as  it 
goes  through  a  complete  repeater  section  including 
a  regenerative  repeater.  A  perfectly  shaped  signal 
is  transmitted  by  repeater  "A"  but  at  the  input  of 
repeater  "B"  the  pulse  stream  is  distorted  and  cor¬ 
rupted  by  noise.  In  repeater  "B",  the  input  signal 
is  amplified  and  equalized  to  compensate  for  the 
characteristics  or  absence  of  a  pulse  in  the  sig¬ 
nal.  Finally,  according  to  the  decision  made,  a 
well-shaped  noiseless  signal  is  generated  and 
transmitted.  In  the  ideal  situation  the  output 
stream  of  repeater  "B"  is  an  exact  replica  of  the 
output  stream  of  repeater  "A".  In  practice,  if 
the  interference  is  sufficiently  large  at  the  de¬ 
cision  time,  the  repeater  will  make  a  wrong  deci¬ 
sion  and  an  error  will  occur.  These  errors  intro¬ 


duce  noise  into  the  decoded  analog  signals  and  have 
to  be  kept  at  a  very  low  rate  of  occurrence.  In  a 
digital  system,  the  error  rate  for  pulse  detection 
increases  rapidly  as  the  pulse  power  relative  to 
the  noise  decreases;  that  is,  if  the  signal  to 
noise  ratio  is  too  low,  the  detector  can  mistakenly 
decode  a  pulse  as  no  pulse  or  vice  versa.  Table 
3-1  shows  this  relationship  for  a  binary  system 
indicating  that  at  about  20  dB  there  is  a  thres¬ 
hold  about  which  the  error  rate  changes  signifi¬ 
cantly  even  for  moderate  changes  in  signal  to  noise 
ratio.  The  acceptable  error  rate  for  different 
systems  has  been  established  as  values  between  10-* 
and  10~7  which  happen  to  coincide  with  the  20  dB 
threshold  in  the  signal  to  noise  ratio.1 
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OUTPUT  INPUT  OUTPUT 


rig.  3-3  Digital  Generator 


Table  3-1  Binary  T-l  (1.5  Mb/s)  S/N  vs  Error 


S/N  RATIO 

ERROR 

ONE  ERROR 

dB 

PROBABILITY 

EVERY 

23.0 

10'12 

8  days 

22.0 

10'10 

2  hours 

21.0 

10'8 

1  minute 

19.6 

10'6 

1  second 

17.4 

10'M 

10*2  second 

13.3 

10'2 

10’1*  second 

The  excellent  behavior  of  PCM  signals  in  a  noisy 
environment  can  be  appreciated  when  this  20  dB  re¬ 
quirement  is  compared  to  the  60  dB  signal  to  noise 
ratio  required  by  analog  carrier  systems  for  toll 
quality  transmissions.  It  must  be  noted,  however, 
that  even  a  small  degradation  of  PCM  signal  beyond 
the  threshold  has  catastrophic  results  in  the 
error  rate  as  opposed  to  analog  transmission  where 
the  degradation  is  only  on  a  dB  per  dB  basis. 


Similarly, 
mined  from 


!o  a  2  zszo 
V  zs+zo 


Eq.  3.? 


the  reflection  loss  at  3-4  may  be  deter- 
Eq.  3.3. 


!R  2  Z0ZR 

V  VZR 
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3 

Eq 

.  3.3 
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>  i  i 

4 

i 

~2  i 

Fig.  3-4  Mismatch  Losses 

4 

Note  that  for  no  reflection  loss  the  impedances  at 
each  side  of  the  junction  points  must  be  identical. 
The  total  loss  in  the  transmission  system  (assuming 
an  effectively  infinite  line)  is  now  equal  to  the 
sum  of  the  two  reflection  losses  determined  by 
Eqs.  3.2  and  3.3  plus  the  loss  in  the  line  itself 
expressed  at  e~Y  . 


3.2  Total  Losses  in  the  Transmission  System 

We  have  seen  that  there  will  be  attenuation  losses 
on  the  line  in  any  practical  case.  Unless  the  im¬ 
pedance  of  the  sending  circuit  is  exactly  equal  to 
the  sending  end  impedance  of  the  line  and  the  im¬ 
pedances  of  the  interconnecting  lines,  and  unless 
the  receiving  circuit  is  exactly  equal  to  the  im¬ 
pedance  of  the  receiving  end  of  the  line,  there 
will  be  other  losses  known  as  impedance  mismatch 
or  reflection  losses  at  these  junction  points.5 

Fig.  3-4  represents  a  simple  transmission  system 
in  which  a  sending  circuit  having  an  impedance  Z$ 
is  connected  at  points  1  and  2  to  a  line  of  length 
i  of  characteristic  impedance  Z0  and  propagation 
constant  y;  which  in  turn  is  connected  at  points  3 
and  4  to  a  receiving  circuit  of  impedance  Zr.  Let 
us  assume  that  the  line  is  long  enough  so  that 
both  its  sending  end  and  receiving  end  impedances 
are  equal  to  its  characteristic  impedance  Z0. 
Considering  the  junction  at  1-2,  the  ratio  of  the 
current  lo  entering  the  line  to  the  Iq '  that  would 
enter  the  line  if  Zg  were  equal  to  Iq  is 


Where  e  =  naperien  log 

y  =  propagation  constant 
t  =  line  length 


If,  as  is  usually  the  case,  the  line  is  not  elec¬ 
trically  infinite  in  length,  the  sending  and  re¬ 
ceiving  end  impedances  will  be  somewhat  different 
from  Zo  because  of  the  different  impedances  con¬ 
nected  to  the  distant  ends.  Any  such  differences 
will,  of  course,  reduce  the  accuracy  of  the  re¬ 
flection  losses  as  calculated  from  the  equations 
given  above.  An  exact  general  expression  for  the 
total  loss  of  the  system,  however,  may  be  written 
as  follows: 


ZSZR 

2-/V^ 


2VZ0ZS 

VZR 


x  e 


-Y* 


<Z0+ZR)(Z0+ZS> 


Eq.  3.4 
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Here  the  first  three  terms  represent  the  two  re¬ 
flection  losses  as  above  and  an  inverse  term  cor¬ 
recting  for  the  fact  that  Zs  is  not  equal  to  Zr; 
the  fourth  term  e"Y*,  represents  the  line  attenua¬ 
tion  and  phase  shift;  and  the  final  term  represents 
an  interaction  factor  which  takes  care  of  the  fact 
that  the  line  may  be  so  short,  the  impedance  look¬ 
ing  into  it  from  either  end  is  not  Z0.  Examining 
the  equation  will  show  that  this  interaction  factor 
will  approach  1  as  the  length  of  the  line  is  in¬ 
creased  because  e"1 2vf  becomes  very  small.  Simil¬ 
arly,  if  Zs  -  Zr,  the  first  term  of  the  equation 
becomes  1. 

As  can  be  seen  from  Eq.  3.4,  the  larger  the  number 
of  mismatches,  the  larger  the  system  loss. 


Y~t  for  Eq.  34  can  be  converted  to  dB  loss 
as  follows: 

XR 

dB  -  20  log  -j — r  r 

lR  1 * 


4.  NOISE  SUSCEPTIBILITY  AND  CROSSTALK 

We  have  seen  that  when  lines  of  unequal  impedances 
are  connected  or  are  not  terminated  in  the  proper 
characteristic  impedance  there  will  be  reflections 
at  the  far  end.  Also,  reflections  will  occur 
every  time  the  uniformity  of  the  line  is  disturbed. 
This  is  caused  by  variations  in  resistance,  induc¬ 
tance,  conductance,  and  in  particular,  capacitance, 
insulation  faults,  and  poor  connection  faults.  In 
addition  to  these  losses  there  are  other  losses 
resulting  from  the  manufacturing  process  which 
affect  the  intelligibility  of  the  telephone  cir¬ 
cuit.  These  are  caused  by  unbalances  in  the  cable 
pairs  which  not  only  affect  the  uniformity  of  the 
limit  but  which  make  the  lines  susceptible  to  in¬ 
duction  from  other  sources  such  as  power  line  har¬ 
monics,  ground  noise,  noise  voltage,  etc. 

The  degree  of  balance  in  a  communication  circuit 
determines  how  susceptible  the  circuit  will  be  to 
induced  noise  voltages.  A  perfectly  balanced 
metallic  communication  circuit  is  one  in  which  the 
series  impedance  for  both  sides  of  the  line  is 
equal,  the  shunt  impedance  of  both  sides  of  the 
line  to  ground  is  equal  and  the  impedance  between 
each  side  and  any  other  metallic  circuit  is  also 
equal.  In  addition,  the  series  impedances  and 
shunt  impedances  of  the  circuit  itself  must  be 
well  balanced  with  respect  to  ground  and  with  re¬ 
spect  to  other  nearby  circuits.  A  good  cable 
specification  will  include  requirements  which  are 
designed  to  insure  good  balance  between  the  pairs 
in  the  cable  and  between  each  pair  and  ground. 

These  requirements  include  measuring: 

1.  Capacitance  Unbalance 

Pair  to  Pair 

Pair  to  Shield 

Pair  to  Ground 

2.  Resistance  Unbalance 

These  unbalances  are  direct  results  of  the  manu¬ 

facturing  process. 


Pair  to  pair  capacitance  unbalances  are  very  sig¬ 
nificant  in  voice  frequency  crosstalk,  with  a 
noticeable  effect  at  carrier  frequencies.  Pair  to 
shield,  pair  to  ground,  and  resistance  unbalances 
cause  susceptibility  to  power  line  harmonics  re¬ 
sulting  from  frequencies  over  and  above  the  ori¬ 
ginal  50  to  60  Hz.  Most  voice  frequency  noise  is 
due  to  induction  from  power  lines  and  is  important 
because  of  the  highly  sensitive  telephone  system 
and  the  human  auditory  system  to  50  or  60  Hz  har¬ 
monics.  For  60  Hz  power  sources,  the  harmonics 
would  be  multiples  of  60  Hz  such  as  the  9th  and 
10th  harmonic  or  540  or  600  Hz,  etc.,  which  inter¬ 
fere  with  the  voice  frequency  range;  for  50  Hz  the 
10th,  11th  and  12th  harmonic. 

At  carrier  frequencies,  CUPG  and  RU  increases  the 
far  end  crosstalk  coupling  loss  as  a  function  of 
increasing  length  at  the  same  frequency  or  in¬ 
creasing  frequency  at  the  same  length.  According¬ 
ly,  it  is  very  important  that  when  measurements 
are  made  to  qualify  cables  to  specifications  that 
both  low  and  high  frequency  measurements  be  made 
at  the  same  time. 

To  reduce  the  far  end  crosstalk  degradation  at 
high  frequencies  and  to  reduce  long  repeater  spac- 
ings  requires  a  higher  degree  of  manufacturing 
control  over  the  capacitance  and  dimensions  of  the 
insulated  conductors  at  extrustion.  New  methods 
of  manufacturing  more  uniform  insulated  conductors 
on  a  computer  controlled  insulating  line  are  re¬ 
quired  to  achieve  lower  CUPG  values.  A  further 
reduction  in  far  end  crosstalk  and  near  end  cross¬ 
talk  at  carrier  frequencies  is  possible  by  optim¬ 
izing  pair  twist  lengths.5 

Many  telecoms  try  to  balance  unbalanced  circuits 
by  using  transposition  and  capacitors.  Both  these 
methods  are  of  some  help  but  not  desirable  because 
balancing  consists  basically  in  compensating  a 
given  unbalanced  with  an  enual  unbalanced  of  oppo¬ 
site  sign.  We  should  point  out  that  when  a  cur¬ 
rent  passes  through  an  unbalance,  it  undergoes  a 
phase  shift  which  is  determined  only  by  the  nature 
of  this  unbalance.  This  current,  when  traveling 
over  the  disturbed  circuit,  is  subject  tc  the 
propagation  conditions  on  this  latter  circuit, 
i.e.,  its  phase  shifts  through  angle  x  per  unit  of 
length.  The  result  is  that  a  given  unbalance  can¬ 
not  be  cancelled  by  an  equal  unbalance  of  opposite 
sign  which  is  located  at  a  fairly  long  distance 
from  the  first  relative  to  the  wavelength.  This 
is  because  the  two  unbalance  conditions  set  up 
currents  on  the  disturbed  circuit  which  are  no 
longer  in  phase.  Compensation  is  possible  in  cer¬ 
tain  cases  but  this  would  apply  only  to  a  single 
frequency.  The  manufacture  of  cables  with  very 
low  unbalances  is  more  desirable. 

5.  PAIR  CABLE  DESIGN  AND  THE  MANUFACTURING 

process  ‘ 

We  have  determined  that  impedance  mismatch  be¬ 
tween  cables  and  irregularities  within  the  cable 
cause  losses  in  the  telephone  network.'  Because  of 
the  interrelation  between  the  cable  design  and  the 
manufacturing  process  it  is  important  to  specify 
the  proper  electrical  parameters  with  tight  toler¬ 
ances  and  to  make  sufficient  measurements  to  prove 
the  quality  of  the  cable. 


International  Wire  &  Cable  Symposium  Proceedings  1982  227 


1 


Design  of  the  cable  to  provide  the  proper  electri¬ 
cal  characteristics  of  multipair  telephone  cables 
by  rigorous  mathematical  methods  is  not  possible 
because  of  the  complex  physical  configuration  of 
the  cable  pairs.  For  this  reason,  methods  of  an 
empirical  nature  must  be  used  and  correlation 
achieved  between  the  design  and  the  manufacturing 
process  to  arrive  at  the  most  desirable  transmis¬ 
sion  properties.  In  other  words:  how  do  we 
adjust  the  dimensions  of  the  conductors  and  the 
insulation  system  so  as  to  obtain  the  desired  re¬ 
sistance,  inductance,  capacitance  and  conductance 
of  the  cable  pairs,  from  which  we  get  the  propaga¬ 
tion  constant  v  and  the  characteristic  impedance 


For  first  approximation  we  can  use  complex  calcu¬ 
lations  to  determine  the  geometry  of  the  cable 
which  produce  the  desired  RLGC  characteristics, 
both  for  voice  and  carrier  frequencies.  Then  test 
the  cable  to  see  if  we  achieved  the  desirable 
transmission  properties.  If  not,  we  adjust  the 
geometry  and  retest  and  reiterate  this  process 
until  we  achieve  the  desired  results.  Then  during 
the  production  process  we  continually  monitor  the 
results  to  ensure  meeting  specifications. 


5 . 1  Manufacturing  Process 

The  manufacturing  process  for  telephone  cable  is  a 
continuous  high  speed  process  with  many  process 
tolerances  which  affect  the  FLGC  parameters.  Con¬ 
sider  that  wire  is  drawn,  annealed  and  insulated 
at  1200  to  2500  meters  per  minute;  the  insulated 
conductors  are  twisted  together  into  pairs  or 
quads  at  450  to  600  meters  per  minute;  the  pairs  or 
quads  are  stranded  together  at  120  to  240  meters 
per  minute;  cores  are  made  at  90  to  150  meters  per 
minute;  and  sheating  and  jacketing  is  performed  ud 
to  45  meters  per  minute.  This  is  the  economics  of 
telephone  cable  manufacturing:  how  circular  can 
the  wire  be,  how  concentric  is  the  insulation  over 
the  conductor,  how  accurate  are  the  twists,  how 
precise  is  the  pair  positions  in  each  cable,  how 
accurate  is  the  core  twist  or  oscillation,  how 
stable  is  the  sheath  and  jacket. 

This  high  speed  complex  process  has  many  variables 
and  how  these  variables  affect  the  geometry  and 
the  RLGC  constants  is  shown  in  Fig.  5.1.  To  con¬ 
trol  these  variables,  the  manufacturer  must  contin¬ 
uously  monitor  the  process  as  well  as  the  finished 
product  by  measurements  of  the  cable's  electrical 
characteristics  to  ensure  they  meet  specifications. 


PROCESS 

PROCESS  VARIABLE 

GEOMETRIC 

EFFECT 

RLGC 

EFFECT 

Rod  Breakdown 

Grooves,  Impurities 

d 

R 

Wire  Drawing 

Impurities,  Pockets,  Circularity,  Diameter 

d,  D0D,  S 

R 

Extruding 

Temperature,  Diameter,  Eccentricity,  Color,  ^ 
Impurities,  Blow,  Dispersion,  Expansion, 
Material,  Speed,  Cooling,  Faults 

D0D ,  S ,  c 

R,  G,  C 

Twisting 

Uneven  tension,  High  tension  diameter. 

Twist  lay,  Twist  stability,  Interaxial 
space  wraparound.  Faults 

A,  d,  S 

R,  L,  G,  C 

Stranding 

Oscillated  lay,  High  tension  spiraling. 

Unit  layup  stability  binder  material, 
faults 

A,  d,  S,  D 

R,  L,  G,  C 

Cabling 

Oscillated  or  spiral  twist  lay  spiraling, 

Unit  layup  stability.  Binder  material, 

Core  wrap  material.  Rip  cord  material, 
Identification  tape  material,  faults 

A ,  S ,  D ,  c 

L,  G,  C 

Inner  Jacket 

Material,  Temperature,  Conductivity, 

Carbon  black 

S,  D,  e 

L *  G,  C 

Sheathing  and 
Jacketing 

Closing  diameter,  overlap  smooth, 

Corrugated,  Coating 

A,  S,  0 

L,  G,  C 

d  =  conductor  diameter 
D00  *  diameter  over  dielectric 
S  =  interaxial  spacing 
D  =  effective  shield  diameter 
A  =  gap  between  conductors 


R  =  resistance 
G  =  conductance 
C  =  capacitance 
l  *  inductance 

r  =  Dielectric  System  Constant 


Fig.  5-1  Manufacturing  Variables 
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6.  TRANSMISSION  LOSS  VS  IMPEDANCE  MISMATCH 

We  can  now  see  that  at  voice  and  carrier  frequen¬ 
cies  that  each  mismatch  results  in  transmission 
loss.  Fig.  6-1  is  a  curve  relating  transmission 
loss  in  (dB)  to  impedance  mismatch  Zi/Zr  If  we 
can  determine  the  number  of  planned  mismatch  loss¬ 
es  per  network.  Fig.  6-1  can  provide  the  number  of 
dB  lost  in  that  circuit. 


CQ 

TO 


U~> 

l/T 

o 


1  1.2  1.4  1.6  1.8  2 

Imoedance  Ratio  (Max(Zi/Z2,  Z2/Zi) 


Fig.  6-1  Transmission  Loss  vs 
Impedance  Mismatch 

6.1  Characteristic  Impedance  (Z0 )  Variations 
Vs  R  and  C 

Characteristic  impedance  (Z0)  variations  as  a 
function  of  Resistance  (R)  and  Capacitance  (C) 
tolerances  per  existing  specifications  can  be 
determined  from  Fig.  6-2. 

Figures  6-2  and  6-3  show  how  the  characteristic 
impedance  of  telephone  cable  is  sensitive  to  the 
fundamental  cable  parameters  R  and  C,  and  to  the 
cable  fill.  In  the  calculations  upon  which  the 
figures  were  based,  the  variation  in  C  was  assumed 
to  be  caused  entirely  by  variations  in  the  conduc¬ 
tor  spacing,  so  L  as  simultaneously  varied  in  in¬ 
verse  proportion  to  C. 


Figure  6-2  shows  the  cables  at  a  typical  carrier 
frequency.  At  this  frequency,  small  changes  in 
resistance  do  not  greatly  affect  the  impedance, 
so  these  were  left  off  the  graph.  The  graph  shows, 
however,  that  the  characteristic  impedance  is 
sensitive  to  variations  in  mutual  capacitance. 

The  graph  also  shows  that  differences  in  insula¬ 
tion  type  can  also  affect  the  characteristic  impe¬ 
dance  significantly. 

Figure  6-3  shows  the  cable  characteristic  impe¬ 
dance  at  a  typical  voice  frequency.  The  graph 
in  this  case  shows  the  reciprocal  effect  on  impe¬ 
dance  of  varying  R  and  C.  Decreasing  R  by  a  small 
percentage  affects  characteristic  impedance  at 
voice  frequencies  about  the  same  as  increasing  C 
by  that  same  percentage.  Furthermore,  these  vari¬ 
ations  affect  mainly  magnitude,  with  very  little 
effect  on  the  phase. 

7.  SPECIFYING  ELECTRICAL  PARAMETERS 

We  have  shown  that  problems  in  the  telephone  net¬ 
work  result  from  the  non-homogenity  of  the  tele¬ 
phone  cables  caused  by  deficient  RLGC  line  charac¬ 
teristics  resulting  from  the  following: 

Ground  Unbalances 

Resistance  Unbalances 

Capacitive  Coupling 

Inductive  Coupl inq 

Crosstalk  Coupling 

Noise  Voltages 

Impedance  Variations 

High  Frequency  Second  Order  Effects 

Dielectric  Constant  Effect 

These  deficiencies  result  from  the  manufacturing 
process  and  in  order  to  control  them  the  following 
electrical  parameters  must  be  specified  for  meas¬ 
urement  : 

Voice  Frequency  Cables 

1.  Resistance  of  each  conductor 

2.  Resistance  unbalance  of  each  pair 

3.  Mutual  capacitance  of  each  pair 

4.  Capacitance  unbalance,  pair  to  ground 

5.  Capacitance  unbalance,  pair  to  pair 

6.  Conductance 

7.  Insulation  resistance 

8.  Dielectric  strength 

9.  Shield  resistance 


-jXQ  a 

Fig.  6-2  Characteristic  Imoedance  of  PIC  Solid  Insulation, 

Air  Core  and  Filled,  52  nF/Km  ,644mm  Cable  at  771  kHz 
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W  Fig.  6-3  Characteristic  Impedance  of  PIC  Solid  Insulation, 

Air  Core  52  nF/Km  .644mm  Cable  at  1  kHz 

"jX0  a 


Voice  Frequency  Cables  for  Growth  to  Carrier 
Frequencies  and  Carrier  Frequency  Cables 

1.  Conductor  Resistance 

2.  Resistance  unbalance  of  the  pair 

3.  Mutual  capacitance  of  the  pair 

4.  Capacitance  unbalance,  pair  to  ground 

5.  Capacitance  unbalance,  pair  to  pair 

6.  Conductance 

7.  Attenuation 

8.  Equal  level  far  end  crosstalk 

9.  Near  end  crosstalk,  outer  end 

10.  Near  end  crosstalk,  inner  end 

11.  Insulation  resistance 

12.  Dielectric  strength 

13.  Shield  resistance 

14.  Screen  resistance 

There  are  two  methods  for  measurement  of  mutual 
capacitance:  the  bridge  method  and  the  ramp 
method.  If  the  bridge  method  is  used,  then  the 
dissipation  factor  and  the  conductance  must  be 
measured  in  order  to  determine  the  dielectric  loss 
and  the  shung  leakage.  Measurements  should  also 
be  made  at  100,  800,  2500  and  4000  Hz  in  order  to 
determine  the  frequency  dependence  of  the  dielec¬ 
tric  which  affects  the  voice  frequency  band  dis¬ 
persion  and  propagation  velocity  thereby  creating 
impedance  irregularities.  8ridge  measurements  are 
limited  to  the  following  pair  lengths  beyond  which 
lengths  correction  factors  must  be  added: 


Conductor 


Diameter  (d) 

Length  U) 

d 

i 

mm 

m 

mm 

m 

1.3 

7000 

0.5 

2000 

0.9 

4500 

0.45 

1800 

0.64 

2500 

0.4 

0.32 

1500 

1000 

If  the  ramp  method  is  used,  the  measurement  of 
conductance  or  dielectric  loss  is  not  required 
since  cables  with  poor  dielectrics  or  high  conduc 
tance  will  automatically  fail  the  mutual  capaci¬ 
tance  test  and  so  it  should  because  variations  in 
CM  in  the  voice  or  carrier  frequency  band  causes 
impedance  irregularities  in  the  transmission. 

Ramp  measurements  can  be  made  in  pairs  up  to 
30,000  meters  in  length. 

7. 1  Values  and  Tolerances 

Table  7-1  lists  the  recommended  values  and  toler¬ 
ances  for  the  low  frequency  measurements.  Table 
7-2  lists  the  recommended  values  and  tolerances 
for  the  high  frequency  measurement. 
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TABLE  7-1  SPECIFICATION  VALUES  AND  TOLERANCES 


CONDUCTOR. DIAMETER  | 

MEASUREMENT  PARAMETER 

0.41 

0.51 

0.64 

0.91 

R  @  20°C  I  NO  MAX  fl/Km 

144.4 

90.2 

57.1 

28.5 

CABLE  AVG  (MAX-AVG)  % 

3 

3 

2 

2 

I NO  (MAX-AVG )  % 

4 

4 

3.5 

3 

RU  (CABLE  AVG)  U% 

1.5 

1.2 

1 

1 

( I  NO  1  US 

4.0 

3.0 

3 

3 

HIGH  VOLTAGE  DC  3  SEC 

PIC/S/A 

PIC/F/F  PIC/S/F 

PIC/S/A 

PIC/F/F  PIC/S/F 

PIC/S/A 

PIC/F/F  PIC/S/F 

PIC/S/A 

PIC/F/F  PIC/S/F 

CONDUCTOR-CONDUCTOR  KV 

2.4  2.8 

3  4 

3.6  5 

4.5  7.0 

CORE  TO  SHIELD  KV 

10  15 

10  15 

10  15 

10  15 

CORE  TO  SCREEN  KV 

5 

SHIELD  RESISTANCE  fl/Km 

R  =  6.25/D,  D 

=  Outside  Diameter  of  Shield  in 

cm 

SCREEN  RESISTANCE  n/Km 

L  . 

CM  nF/Km 

52  ±  2 

CM  DEVIATION  RMS  S 

2 

CUPP  IND  MAX  PF/Km 

125 

MAX  RMS  PF/Km 

35 

CUPG  IND  MAX  PF/Km 

2000 

AVG  MAX  PF/Km 

500 

CUPS  IND  MAX  PF/Km 

1500 

AVG  MAX  PF/Km 

250 

G  M  Mi  Micromho/Km 

2 

INSULATION  RESISTANCE 
jl  MIN  (100-500V) 

25000 

PIC/S/A  =  Pol>  nylene  Insulated  Conductor/Sol  id/ Ai r  core 
PIC/F/F  =  Polyethylene  Insulated  Conductor/Foam/Filled 
PIC/S/F  =  Polyethylene  insulated  Conductor/Solid/Filled 


TABLE  7-2  VALUES  AND  TOLERANCES 
ATTENUATION 

_ Tolerance  +5S-10S  P  20°C  -1°C 


CONDUCTOR 

PIC/S/A 

PIC/S/F 

PIC/F/F 

DIAMETER 

dB/Km 

dB/Km 

dB/Km 

FREQUENCY  kHz 

FREQUENCY  kHz 

FREQUENCY  kHz 

MM 

AWG 

150 

722  1576 

150 

772 

1576 

150 

772  1576 

0.91 

19 

4.4 

10.4  14.7. 

4.0 

8.6 

12.7 

4.4 

10.4  14.7 

0.64 

22 

6.2 

14.6  20.4 

5.7 

12.4 

17.8 

6.2 

14.6  20.4 

0.51 

24 

8.3 

18.5  25.4 

7.5 

15.4 

23.1 

8.3 

18.5  25.4 

0.41 

26 

11.4 

22.3  32.5 

10.9 

19.5 

26.5 

11.4 

22.3  30.5 
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Table  7-2  VALUES  AND  TOLERANCES 
(Continued) 

POWER  SUM  FEXT 
(50  PAIR  UNITS) 


FREQUENCY 

kHz 

Average 

dB/Km 

Worst  pair 

dB/Km 

GRAND 

dB/Km 

150 

61 

57 

53 

772 

49 

44 

40 

1576 

43 

39 

35 

3152 

37 

33 

29 

6304 

31 

27 

23 

POWER  SUM  NEXT 
CdB) 


FREQ. 

WITHIN  2 

5 

BETWEEN  ADJACENT 

ACROSS  SCREEN 

PAIR  GROUP  _ 

_ 25  PAIR  GROUP  .  . 

50  PAIR  GROUP 

kHz 

AVG 

WORST 

GRAND 

AVG 

WORST 

GRAND 

AVG 

WORST 

GRAND 

dB 

PAIR 

dB 

dB 

PAIR 

dB 

d  B 

PAIR 

dB 

150 

65 

59 

55 

73 

64 

60 

107 

103 

99 

772 

54 

48 

45 

61 

52 

48 

101 

96 

87 

1570 

49 

43 

39 

56 

47 

43 

96 

90 

84 

3152 

44 

38 

34 

51 

41 

37 

92 

86 

82 

6304 

39 

34 

32 

46 

36 

33 

89 

80 

74 

Table  8-1  Statistical  Parameters 


Measurement 

Parameter 

Statistical 

Evaluation 

Conductor  Resistance  & 
Resistance  Unbalance 

Minimum  Individual 
Maximum  Individual 

Average 

Standard  Deviation 
Histogram 

Cable  Capacitance 

Minimum  Individual 
Maximum  Individual 

Average 

Standard  Deviation 

Percent  Deviation 

Histogram 

Capacitance  Unbalance 
Pair  to  Ground 

Pair  to  Shield 

Side  to  Earth 

Side  lo  Ext  Ear ih 

Minimum  Individual 
Maximum  Individual 

Average 

Standard  Deviation 

RMS 

Histogram 

Capacitance  Unbalance 
Pair  to  Pair 

Within  Quad 

Adjacent  Quad 

Minimum  Individual 
Maximum  Individual 

Average 

RMS 

Histogram 

Measurement 

Parameter 

Statistical 

Evaluation 

Attenuation 

Minimum  Individual 
Maximum  Individual 

Average 

Standard  Deviation 
Histogram 

Crosstalk. 

Minimum  Individual 

EIFEXT 

Maximum  Individual 

l/OFEXT 

Average 

ONEXT 

RMS 

INEXT 

Standard  Deviation 

Mean  minus  Standard 

1%  Worse  Than  Value 
Deviation 

POWER  SUM  WITHIN 

Histogram 

*  BETWEEN  GROUPS 

Relative  Power  Sum 
Individual  Power  Sum 
Average  Power  Sum 

Grand  Power  Sum 

Conductance 

Minimum  Individual 
Maximum  Individual 

Average 

Standard  Deviation 
Histogram 
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8.  TEST  DATA  FROM  MANUFACTURERS 

The  proof  of  the  design  and  manufacturing  process 
is  in  the  final  test  results  on  the  finished 
cable.  In  addition  to  verification  against  the 
values  and  tolerances  of  the  measurements  speci¬ 
fied,  additional  statistical  specifications  mater¬ 
ially  aid  in  controlling  the  cable  characteris¬ 
tics.  These  additional  statistical  parameters  are 
1 isted  in  Table  8-1. 

The  minimum  and  maximum  individual  values  control 
the  range  of  the  particular  measurement.  The 
average  value  controls  the  quantity  of  high  and 
low  values.  The  RMS  value  controls  the  magnitude 
of  the  high  and  low  values.  The  standard  devia¬ 
tion,  on  the  other  hand,  controls  the  magnitude 
of  the  variations  around  the  average,  thereby 
controlling  the  dispersion  of  the  data.  The  de¬ 
sirable  situation  is  to  have  the  smallest  stand¬ 
ard  deviation  possible.  The  histogram  is  a  means 
of  showing  the  manufacturer  and  the  user  of  the 
dispersion  of  values  on  a  frequency  distribution 
basis. 

8.1  Power  Sum 


Because  the  low-side  tail  of  the  actual  distribu¬ 
tion  is  shorter  than  that  for  the  normal  distri¬ 
bution,  modifications  have  been  made  to  create  a 
distribution  that  predicts  the  worst-case  values 
and  the  power  sums  better.  The  most  common  modi¬ 
fication  involves  runcating  both  tails  of  the 
normal  distribution.  The  trick  is  determining 
where  to  truncate,  because  the  truncation  point 
varies  in  an  unknown  way  with  binder  size,  fre¬ 
quency,  crosstalk  mechanism,  and  so  on.  Another 
model  that  has  been  proposed  is  the  gamma  distri¬ 
bution  with  a  log  variate.  This  distribution  has 
a  shortened  lower-end  tail  that  fits  the  experi¬ 
mental  data  (on  a  log  scale)  fairly  well  at  the 
expense  of  misfitting  the  rest  of  distribution. 

In  any  case,  until  a  truly  satisfactory  non- 
empirical  model  for  crosstalk  performance  is  found, 
enough  crosstalk  data  must  be  taken  to  validate 
the  predictions  of  the  existing  empirical  models. p 

8.2  Individual  Power  Sum  (IPS)  Within  a  Group  (W) 

The  performance  of  a  given  cable  pair  is  based  up¬ 
on  the  total  crosstalk  power  injected  into  that 
pair.  If 


Working  with  data  in  decibels  is  equivalent  to 
working  with  the  logarithm  of  the  data.  Because 
the  crosstalk  data  follows  a  log-normal  distribu¬ 
tion  when  expressed  as  a  power  ratio,  it  follows 
a  straight  normal  distribution  when  expressed  in 
dB.  This  normal  distribution  has  a  mean  and 
standard  deviation  that  is  easy  to  calculate  from 
a  limited  sample  size.  Thus,  many  of  the  world's 
specifications  are  written  in  terms  of  the  near¬ 
end  standard  deviation  of  the  normal  distribution. 
From  such  a  standard,  it  is  possible  to  specify 
that  no  more  than  a  certain  fraction  of  the  indi¬ 
vidual  crosstalk  combination  will  be  worse  than  a 
specified  value. 

Unfortunately,  the  crosstalk  performance  of  a 
cable  pair  is  not  governed  by  the  average  of  the 
logarithm  of  the  crosstalk  power,  but  by  the  total 
crosstalk  power  coupled  imo  that  pair.  Because 
of  the  highly  skewed  and  dispersed  nature  of  the 
crosstalk  distribution,  the  crosstalk  power  sum 
will  be  dominated  by  one  or  two  of  the  worst 
crosstalk  combinations  involving  that  pair.  How¬ 
ever,  these  same  crosstalk  combinations  that  con¬ 
tribute  nearly  all  the  crosstalk  power  to  the 
pair  under  test  contribute  only  slightly  to  the 
mean  and  standard  deviation  when  statistics  of 
the  logarithms  of  the  data  are  taken.  Conversely, 
the  aggregate  of  data  that  contributes  almost 
nothing  to  the  power  sums  will  contribute  almost 
everything  to  the  mean  and  standard  deviation  of 
the  log  data. 

If  the  statistics  of  the  log  data  conformed  exact¬ 
ly  to  the  normal  distribution,  the  power  sum 
statistics  could  be  predicted  accurately;  but  the 
crosstalk  data  is  not  that  perfect.  The  statis¬ 
tics  of  the  log  data  are  slightly  skewed  in  such 
a  way  that  the  low-side  (when  the  crosstalk  loss 
data  is  expressed  in  dB)  tail  does  not  extend  as 
far  as  the  Gaussian  model  (with  log  variate)  pre¬ 
dicts. 


m..  -  the  crosstalk  loss  between  pair  i  and 

pair  j  in  dB,  then  the  individual  power 
sum  in  dB  for  crosstalk  within  a  group 
is  given  by  the  formula: 

IPS.  (W)  (dB)=  -10  log10^£  10  '(mij/10) 

jfi 

where  n  is  the  number  of  pairs  in  the  grouD. 

Eq.  8.1 

8.3  Individual  Power  Sum  (IPS)  Between  Groups  (B) 
For  the  case  when  i  and  j  are  in  different  groups, 


IPSj (B)  dB  *  -10  log10 


10 


-(m,j  j/10)j 


Eq  8.2 


where  n  is  the  number  of  pairs  in  the  group  con¬ 
taining  pair  j. 

It  should  also  be  noted  in  each  case  that  each 
summation  occurs  over  a  single  group,  so  there  is 
an  individual  power  sum  associated  with  each  pair- 
group  combination. 


8.4  Grand  Power  Sum  (GPS)  Between  Groups  (B) 

The  idea  of  individual  power  sums  can  be  expanded 
in  several  directions,  one  which  is  determining  the 
whole  crosstalk  power  coupled  from  one  cable  group 
to  another.  The  result  of  such  a  calculation  is  a 
single  number  that  can  be  used  as  an  indicator  of 
the  crosstalk  isolation  between  the  two  groups. 

This  grand  power  sum  is  given  by  Eq.  8.3: 


GPS(B)  dB  =  -10  log]0 


10  -IPS(dB)/10) J 

Eq.  8.3 
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where  the  individual  power  sums  are  calculated  by 
Eq.  8.1  and  the  summation  is  over  all  the  pairs  in 
the  disturbed  group.  The  final  result  of  the 
above  calculation  is  in  dB,  so  it  is  really  the 
logarithm  of  the  total  crosstalk  power  multiplied 
by  a  constant. 

The  grand  power  sum  can  also  be  calculated  directly 
from  the  crosstalk  data  by  Eq.  8.4: 

'h  k 

CPSUn(dB)  =  -10  log1Q  ^  *2~  10  ~mij/10 

J=1  j=l  Eq.  8.4 

where  m_  is  the  crosstalk  between  pairs 
i  and  j  in  dB,  h  is  the  number  of  pairs 
in  the  group  containing  pair  j. 

Eq.  8.4  assumes  that  pairs  i  and  j  are  in  differ¬ 
ent  groups. 

Eq.  8.4  gives  some  insight  into  why  the  grand  power 
sum  makes  such  a  good  figure  of  merit.  The  grand 
power  sum,  when  expressed  as  a  power  ratio,  differs 
by  a  multiplicative  constant  from  the  average  of 
all  the  crosstalk  power  ratios  for  all  the  pair 
combinations  across  the  two  groups.  This  comes  as 
no  surprise;  the  sum  of  any  group  of  numbers  dif¬ 
fers  from  the  mean  only  by  a  multiplicative  con¬ 
stant  equal  to  the  number  of  data  points.  The 
grand  power  sum  is  thus  h  •  k  times  the  average 
crosstalk  power,  or  h  (or  k,  depending  upon  which 
power  sums  are  being  averaged)  times  the  average 
of  the  individual  power  sums.  When  the  grand  power 
sum  is  expressed  in  dB,  the  multiplicative  constant 
turns  into  an  additive  constant.  In  fact, 

GPS  (dB)  =  RMS  (dB)  -10  1og.nh  -10  log.nk 

W  Eq.  8.5 

where  RMS(dB)  is  the  average  of  the  individual 
crosstalk  power  ratios,  expressed  in  dB. 


Grand  Power  Sum  (GPS)  Within  a  Group 


The  idea  of  grand  power  sum  can  also  be  extended 
to  crosstalk  within  a  group,  but  the  calculation 
is  a  little  different.  Because  of  the  overlap 
between  the  disturbing  and  disturbed  pairs,  care 
must  be  taken  to  avoid  counting  the  same  datum 
twice  in  the  summations.  For  the  within-group 
case,  the  grand  power  sum  is  the  sum  over  all 
possible  pair  combinations  of  the  individual  power 
ratios.  In  other  words. 


h  n 

GPS(W)dB  =  -10  logln  £  S.  10 

iU  i=l  j-i+1 


-m.yiO 


Eq.  8.6 


Note  especially  the  index  on  the  same  summation  in 
Eq.  8.6.  With  this  index,  the  power  sum  is  analog¬ 
ous  to  the  between-group  case  of  group  A  coupling 
into  group  B.  The  summation. 


£  2L  io  'mij/10 
i=l  j=l 

i/j  Eq.  8.7 


would  have  been  analogous  to  group  A  talking  to 
group  B  plus  group  B  talking  to  group  A  in  the 
between-group  case.  In  fact,  each  crosstalk  term 
is  added  twice  in  Eq.  8.7--once  as  m-jj  and  again 
as  mij.  The  summation  in  Eg.  8.7  add  up  to  twice 
the  grand  power  sum  (before  conversion  to  dB). 

Eq.  8.7  also  is  the  sum  of  the  individual  power 
sums.  Therefore,  the  grand  power  sum  is  half  the 
sum  of  the  individual  power  sums.  In  other  words. 


GPSUM(dB)  =  -10  log. 


n 

1/2  £ 
1*1 


10-IPSUMi (dB)/10 


=  -10  1og10  £  10 


Eq.  8  8 


+10  log,n2 


Eq.  8.9 


The  constant  10  loglQ2  is  approximately  3  dB. 

The  within-group  grand  power  sum  is  a  good  indi¬ 
cator  of  the  crosstalk  performance  of  the  group  as 
a  whole,  but  the  individual  power  sums  are  of  more 
importance  to  the  cable  manufacturers,  and  possi¬ 
bly  to  the  cable  user  as  well.  However,  to  better 
illustrate  the  individual  pair  coupling,  another 
indicator  can  be  used.  This  is  the  Relative  Power 
Sum  which  can  be  obtained  by  use  of  Eq.  8.11.  The 
Average  Power  Sum  (Eq.  8.10)  can  be  used  to  deter¬ 
mine  the  relative  power  sum  for  each  pair. 

8.6  Average  Power  Sum  (APS) 


APSj(dB)  =  i  (IPSj) 

Relative  Power  Sum  (RSP) 


Eq.  8.10 


RPSj(dB)  =  APSj(dB)  -  IPSj(dB)  Eq.  8.11 


These  relative  power  sums  can  be  plotted  against 
their  respective  pair  numbers  in  order  to  form  a 
pictorial  representation  of  each  pair's  variation 
of  their  power  sum.  This  is  shown  in  Fig.  8.1. 

In  reviewing  Fig.  8.1  we  find  that  the  relative 
near-end  and  far-end  crosstalk  power  sums  at 
carrier  frequencies  follow  the  same  variation  from 
pair  to  pair,  but  are  of  different  magnitude.  This 
indicates  that  the  sources  of  both  near-end  and 
far-end  crosstalk  at  these  frequencies  are  the 
same.  Figure  8-1  indicates  that  the  within-unit 
and  between  adjacent-unit  power  sums  follow  the 
same  variation  from  pair  to  pair.  Therefore,  any 
change  resulting  in  an  improvement  in  the  within- 
unit  crosstalk  should  also  lead  to  an  improvement 
in  the  adjacent  unit  crosstalk. 
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Correlation  of  power  sums  with  the  crosstalk 
effects  of  twist  lengths  indicates  that  it  is 
possible  to  gain  significant  improvements  in  cross¬ 
talk  quality  of  cables  by  correct  twist  length 
selection  and  correct  twist  angles. 

Before  the  manufacturers  start  using  the  power 
sums,  the  user's  specification  must  be  revised  so 
that  power  sums  are  specified  instead  of  the  aver¬ 
age  of  the  individual  crosstalk  values  in  dB, 

This  is  important  because  improving  the  individual 
power  sun  of  the  worst  pair  would  not  necessarily 
improve  the  crosstalk  average  and  might  even  wor¬ 
sen  it.  In  any  case,  improving  the  worst  pairs 
would  make  the  tail  of  the  crosstalk  histogram 
even  shorter  than  it  presently  is,  making  predic¬ 
tions  based  upon  the  log-normal  distribution  even 
worse  than  they  are  now.  The  performance  of  the 
cable  will  have  improved,  but  the  mean  and  stan¬ 
dard  deviation  will  hardly  change.  Recommended 
power  sum  values  are  shown  in  Table  7-2. 

8. 7  Pair  Grand  Power  Sum  (PGPS) 

There  is  another  grand  power  sum  which  should  be 
considered.  This  power  sum  is  the  sum  of  the 
crosstalk  power  ratios  of  all  active  pairs  in  the 
cable  talking  to  a  given  disturbed  pair.  In  other 
words,  all  the  individual  power  sums  for  a  given 
cable  pair  are  added  to  give  a  grand  power  sum  for 
that  pair.  Eq.  8.4  and  8.5  give  the  Grand  Power 
Sums,  between  groups  and  within  groups.  This 
grand  power  sum  is  for  the  entire  cable  and  will  be 
called  the  Pair  Grand  Power  Sum  (PGPS^)  as  ex¬ 
pressed  in  Eq.  8.12. 

k 

PGPS.  (dB)  =  -10  logln  2  10  'IPSij/10 

'  iU  j=l 

Eq.  8.12 


The  pair  grand  power  sum  is  exactly  what  the  final 
user  needs  to  evaluate  crosstalk  performance,  be¬ 
cause  it  is  this  number  that  determines  the  cross¬ 
talk  power  coupled  into  the  pair  in  question.  In 
screened  cables,  the  active  pairs  for  near-end 
crosstalk  will  be  all  those  on  the  opposite  side  of 
the  screen  from  the  pair  under  test.  Similarily, 
the  active  pairs  for  far-end  crosstalk  will  be  all 
of  those  on  the  same  side  of  the  screen. 

9.  TELEPHONE  ADMINISTRATIONS'  CONTROL  OF 
THE  PRODUCT 

Telephone  administrations  can  only  control  the  pro¬ 
duct  through  rigid  comprehensive  specifications 
with  manufacturer's  test  data  to  verify  compliance 
with  the  specifications.  In  addition,  telephone 
administrations  may  sample  test  each  procurement 
to  verify  the  manufacturer's  test  data. 

Specifications  should  be  evolved  over  a  period  of 
time.  In  order  to  improve  the  product,  the  speci¬ 
fications  should  have  values  and  tolerances  to  be 
met  at  the  country's  current  level  of  development 
with  projected  values  and  tolerances  to  be  met  at 
some  future  date.  This  would  permit  the  cable 
manufacturer  of  that  country  to  improve  their  manu¬ 
facturing  process  and  adjust  the  cable's  dimen¬ 
sions  to  meet  the  transmission  requirements.  Sta¬ 
tistical  techniques  must  be  developed  over  a  period 
of  time  on  a  solid  data  base.  Both  the  manufac¬ 
turer  and  the  telephone  administrations  can  use 
these  techniques  to  quality  telephone  cables. 


I 
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10.  CONCLUSION 

To  ensure  satisfactory  transmission  in  telephone 
networks  requires  that  the  installed  plant  have 
the  transmission  characteristics  for  which  it  was 
designed.  To  obtain  these  transmission  character¬ 
istics,  telephone  administrations  must  prepare 
adequate  cable  specifications  with  the  necessary 
electrical  parameters  to  be  measured  and  with 
values  and  tolerances  on  these  measurements  that 
will  permit  the  network  to  meets  its  net  loss 
requirements. 
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With  the  proper  values  and  tolerances  specified, 
unbalances  must  be  maintained  at  minimum  values 
since  they  contribute  to  increasing  the  network 
losses  and  the  unintell igibil ity  on  communicat ion 
circuits.  For  both  analog  and  digital  carrier 
systems,  specific  crosstalk  requirements  must  be 
specified.  For  PCM  systems  specific  signal  to 
noise  ratios  must  be  met  in  order  to  ensure 
repeater  span  objectives  and  power  sum  calcula¬ 
tions  as  recommended. 

Accordingly,  with  good  specifications  and  verifi¬ 
able  test  data,  network  loss  objec*  vts  can  be 
achieved. 
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ABSTRACT 


A  previous  study  of  the  crosstalk  performance  of  the  various 
designs  of  plastic  insulated  conductor  (PIC)  cables  used  in  the  Bel! 
System  (air  core  and  waterproof,  solid  and  expanded  insulations,  19 
through  26-gauge,  83  nF/mile  and  low  capacitance)  showed  that  the 
mean  power  sum  far-end  crosstalk  (FEXT)  of  these  various  designs 
is  a  function  of  their  average  pair  twist  helix  angle.11*  The  present 
paper  extends  this  previous  work  to  other  forms  of  power  sum 
crosstalk  such  as  worst  pair  FEXT,  within  unit  worst  pair  near-end 


crosstalk  (NEXT),  and  within  unit  mean  NEXT. 


Unlike  mean  FEXT,  average  twist  helix  angle  alone  does  not 
adequately  explain  the  variations  that  occur  in  worst  pair  FEXT, 
worst  pair  NEXT,  or  mean  NEXT.  A  slightly  more  complicated 
regression  model  that  includes  a  measure  of  the  skewness  of  the 
twist  helix  spectrum  improves  the  fit  to  these  data  substantially. 

"The  analyses  in  this  paper  further  show  that  not  only  is  the 
frequency  scaling  of  mean  FEXT  a  function  of  average  twist  helix 
angle  (as  found  in  the  previous  paper),  but  that  the  frequency 
scalings  of  worst  pair  FEXT,  worst  pair  NEXT  and  mean  NEXT  also 
depend  on  average  twist  helix  angle. 


Linear  regression  equations  arc  presented  that  can  be  used  to 


calculate  the  mean  and  worst  pair  FEXT  and  NEXT  performance  of 
most  copper  PIC  cables  used  in  the  Bell  System.  In  addition,  as 
long  as  pair  twist  schemes  arc  judiciously  chosen,  these  equations 
can  also  be  used  to  predict  the  crosstalk  performance  of  new  cable 
designs  simply  from  their  diameter  over  dielectric,  average  twist 


frequency,  and  median  twist  frequency. 

/>- 

».  INTRODUCTION 


Because  the  crosstalk  performance  of  multipair  cables  restricts 
the  maximum  number  of  digital  carrier  systems  which  those  cables 
will  support,  it  has  become  increasingly  desirable  to  know  the 
crosstalk  properties  of  the  various  cable  designs.  One  way  to  obtain 
this  information  is  by  actually  measuring  crosstalk  on  the  various 
cables  and,  over  the  years,  many  such  measurements  have  been 
made.  While  such  data  are  extremely  useful,  their  value  can  be 
enhanced  if  they  reveal  systematic  patterns  that  depend  on  particular 
features  of  the  cable  design. 

In  a  previous  paper,*1*  we  showed  that  the  mean  power  sum 
FEXT  of  the  various  designs  of  copper  PIC  cables  used  in  the  Bell 
System  is  a  function  of  their  average  pair  twist  helix  angle.  Cables 
with  small  average  pair  twist  helix  angles  were  shown  to  have 
stronger  crosstalk  coupling  than  cables  with  large  average  pair  twist 
helix  angles.  Consequently.  26-gauge  solid  insulation  air  core  cable, 
which  has  the  smallest  helix  angle  of  any  standard  PIC  cable,  has 
the  strongest  (worst)  mean  FEXT  coupling.  At  the  other  extreme, 
19-gauge  solid  insulation  waterproof  cable  has  the  largest  helix  angle 
and  also  the  weakest  (best)  mean  FEXT  coupling.  The  crosstalk 
spread  between  these  two  designs  is  about  6  dB  at  0.15  MHz. 


The  present  paper  extends  the  previous  work  to:  (1)  worst  pair 
power  sum  FEXT,  (2)  within  unit  worst  pair  power  sum  NEXT,  and 
(3)  within  unit  mean  power  sum  NEXT.  As  in  the  previous  paper, 
empirical  crosstalk  data  are  examined  using  linear  regression 
analyses  to  find  a  functional  relationship  between  crosstalk 
performance  and  particular  features  of  the  cable  design. 


2.  CROSSTALK  MEASUREMENTS 

Over  the  years  many  Bell  System  cables  have  been  measured  for 
crosstalk  on  a  Computer  Operated  Transmission  Measurement  Set 
(COTMS).12'  Normally,  50  consecutive  pairs  are  connected  to  a  pair 
fan-out  and  the  1225  pair-to-pair  crosstalk  combinations  are 
measured  at  several  frequencies.  The  power  sum  crosstalk  of  each 
pair  is  then  calculated  by  summing  the  pair-to-pair  couplings  into 
that  pair  on  a  power  basis.  Statistical  parameters  such  as  means  and 
standard  deviations  are  then  computed  and  reported  for  both  the 
pair-to-pair  and  the  power  sum  crosstalk  distributions 

3.  CROSSTALK  AND  CABLE  TYPES  EXAMINED 

3.1  Crosstalk 

Insofar  as  power  sum  crosstalk  is  the  summed  power  of  the 
crosstalk  couplings  from  many  pairs,  power  sum  crosstalk  statistics 
tend  to  be  less  affected  by  cable-to-cable  variations  than  pair-to-pair 
statistics.  Because  of  this  robustness,  power  sum  (as  opposed  to 
pair-to-pair)  crosstalk  data  on  the  various  cables  were  studied 
Power  sum  means  and  worst  pairs  for  FEXT  and  within  unit  NEXT 
were  examined  at  five  frequencies — 0.15,  0  772,  1.6,  3  15  and  6.3 
MHz.  Because  some  cables  were  not  measured  at  all  five 
frequencies  and  because  some  of  the  measurements  appeared  to  be 
gross  outliers,  the  number  of  measurements*  used  to  obtain  the 
regression  equations  ranged  from  35  to  53  depending  on  the 
particular  crosstalk  type  and  frequency. 

As  mentioned  in  Section  2,  COTMS  measurements  are  normally 
made  on  50  pair  groupings.  Therefore,  all  the  data  presented  here 
are  for  50  pair  groups  except  for  25  pair  cables  in  which  case  the 
data  are  for  all  25  pairs  in  the  cable. 

3.2  Cables 

Cable  designs  in  the  data  base  represent  almost  all  standard  83 
nF/mile  copper  PIC  cables,  i.e.,  air  core  and  waterproof,  solid  and 
DEPIC  (dual  expanded  plastic  insulated  conductor)131  insulations, 
and  19  through  26-gauge  conductors.  In  addition  to  these  standard 
cables,  data  were  also  examined  on  some  "special"  cables  such  as 
ICOT+  cable  (24-gauge  DEPIC,  52  nF/mile  for  air  core,  and  60 
nF/mile  for  waterproof),14'  MAT*  cable  (25-gauge  DEPIC.  64 
nF/mile,  air  core),*5*  DUCTPIC*  cable  (26-gauge  DEPIC,  83 
nF/mile,  air  core),161  an  experimental  28-gauge  cable,  and  two 
experimental  26-gauge  low  capacitance  cables.  These  cables  are 
termed  "special"  because  they  use  shorter  twist  lengths  and  have  a 
different  twist  spectrum  than  the  standard  cables.  In  addition. 
ICOT,  MAT  and  the  26-gauge  low  capacitance  cables  have  lower 
mutual  capacitances  than  the  standard  83  nF/mile. 

The  various  cables  ranged  in  length  from  700  to  5400  feet  with 
the  average  length  being  2000  feet. 

4.  TWIST  HELIX  ANCLE 

Let's  review  the  finding  of  the  previous  paper  that  mean  FEXT 
is  a  function  of  average  twist  helix  angle.11'  This  relationship  is  of 
the  form 


•  The  term  ’measurements’  will  be  used  instead  of  ’cables''  because  several 
measurements  may  have  been  made  on  different  units  in  a  single  cable 
f  Trademark  of  Western  Electric 
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XT  »  b0  +  x  DOD  x  avgTF  (1) 

where 

DOD  =  diameter  over  dielectric,  and 
avgTF  —  average  twist  frequency. 

The  DOD  x  avgTF  product  <n  this  equation  measures  the 
average  twist  helix  angle  of  the  twisted  pairs  in  a  cable  For 
example,  Figure  l  shows  that  the  helix  angle,  0,  of  a  twisted  pair  is 
proportional  to  the  product  of  its  d  imeter  over  dielectric  (DOD) 
and  twist  frequency  (TF)  where  TF  is  the  reciprocal  of  twist  length 
Because  twists  with  large  helix  angles  require  more  mechanical 
energy  to  deform  than  twists  with  small  helix  angles,  pairs  with  large 
helix  angles  have  greater  mechanical  stability.  This  greater 
mechanical  stability  helps  resist  twist  deformation  during 
manufacture  thereby  producing  more  perfect  twists  which  in  turn 
are  more  likely  to  produce  better  crosstalk  1  1 


TL - 


5.  FAR-END  C  ROSSTALK 
5.1  Worst  Pair  FEXT 

Insofar  as  mean  FEXT  has  been  previously  shown  to  be  a 
function  of  average  twist  helix  angle,1'1  we  first  examine  the 
possibility  that  worst  pair  FEXT  might  be  also. 

Figure  2  shows  a  plot  of  worst  pair  FEXT  versus  average  helix 
angle  at  0.15  and  6.3  MHz.  Although  the  correlation  coefficient  is  a 
respectable  0.728  at  0.15  MHz,  it  decreases  to  a  mere  0.494  at  6.3 
MHz  This  decrease  is  due  not  to  an  increase  in  the  scatter  of  the 
points  about  the  line  (the  residual  standard  error  is  smaller  at  6.3 
MHz  than  at  0.15  MHz),  but  rather  to  a  smaller  slope  at  the  higher 
frequency. 


12  14  16  18  28  22 
DOD  x  avgTF 


71  DOD 

e  "  — — 

=  ton  71  DOD* Tf 

G  ~  7T  DOD  •  TF 


Figure  I.  The  helix  angle.  0,  of  a  twisted  pair  is  proportional  to  the 
pair  s  diameter  over  dielectric  (DOD)  and  twist  frequenev 
(TF). 

Although  all  the  pairs  in  a  given  cable  have  the  same  DOD,  the 
pairs  have  several  different  (usually  25)  twist  frequencies  and 
therefore  different  twist  helix  angles.  We  shall  use  the  average  twist 
helix  angle  of  the  pairs  in  a  cable  as  a  measure  of  the  uniformity  of 
the  pairs  in  that  cable. 

Table  I  lists  the  average  TF,  DOD,  and  average  helix  angle*  for 
each  PIC  cable  design  The  average  twist  frequencies  span  a  42 % 
range  (from  0.2827  to  0.4018  twists/inch)  whereas  the  DOD's  span 
a  242%  range  (from  21.6  to  74  mils).  Consequently.  DOD 
differences  among  cable  designs  have  a  greater  effect  on  helix  angle 
than  twist  frequency  differences. 


(a)  0.15  MHz;  44  measurements  (b)  6.3  MHz;  35  measurements 


Figure  2.  Worst  pair  power  sum  FEXT  vs.  the  product  of  diameter 
over  dielectric  (DOD)  and  average  twist  frequency 
(avgTF). 


Because  of  the  small  explanatory  value  of  helix  angle  at  the 
higher  frequencies,  other  linear  regression  models  were  examined. 
After  evaluating  many  possibilities,  the  following  model  was  chosen. 

XT  =60+6,  x  DOD  x  avgTF  +  b2  (2) 

x  DOD  x  (inedTF—  avgTF ) 

where 

medTF  =  median  twist  frequency. 

This  new  model  explains  a  reasonable  proportion  of  the  crosstalk 
variation  both  at  low  and  high  frequencies  and  is  only  slightly  more 
complicated  than  the  simple  helix  angle  model.  The  new  model  is 
identical  to  the  helix  angle  model  (equation  (1))  except  that  a 
second  explanatory  variable  (shown  in  bold  above)  has  been  added. 
We  can  obtain  an  insight  into  the  significance  of  this  new  variable  by 
looking  at  the  twist  frequency  spectra  of  the  pairs  used  in  the 
various  cable  designs.  Figure  3  shows  these  four  spectra. 


Table  1 

Average  Twist  Frequency.  Diameter  over  Dielectric  and  Helix  Angle  of  Standard  and  ’Special*  Cables 


— 

cable 

AWG 

avgTF 

(twists/in) 

air  core 

waterproof 

DEPIC 

solid 

DEPIC 

solid 

DOD 

(mils) 

DOD  x 
avgTF 

DOD 

(mils) 

DOD  x 
avgTF 

DOD 

(mils) 

DOD  x 
avgTF 

DOD 

(mils) 

DOD  x 
avgTF 

Standard 

19 

0.2827 

60 

17.0 

63 

17.8 

74 

20.9 

22 

C.3007 

43 

12.9 

45 

)3.5 

52 

15.6 

* 

24 

0  3270 

34 

III 

36 

11.8 

42 

13.7 

* 

26 

27 

8.8 

29 

9.5 

33 

10.8 

1COT 

24 

0.4018 

49 

19.7 

. 

49 

19.7 

. 

MAT 

25 

• 

35 

14.1 

- 

- 

DUCT PIC 

26 

■ 

24.5 

9.8 

- 

26  locap 

26 

* 

39 

15.7 

39 

15.7 

- 

28  AWG 

28 

* 

_ _ 

- 

21.6 

8.7 

- 1 - 

*  Although  average  helix  angle  equals  ft  x  DOD  \  avgTF.  ihe  term  'helix  angle' 
will  be  used  more  loosely  in  this  paper  to  mean  ‘DOD  x  avgTF ' 
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Twist  Frequency  (twists/inch)  Twist  Frequency  (twists/inch) 
(a)  19  AWG  standard  (b)  22  AWG  standard 


Twist  Frequency  (twists/inch)  Twist  Frequency  (twists/inch) 

(c)  24A26  AWG  standard  (d)  'special' 

Figure  3.  Histograms  of  the  25  twist  frequencies  used  in  standard 
and  ’special’  cable  designs.  Average  twist  frequencies 
(avgTF)  and  median  twist  frequencies  (medTF)  are 
shown. 

Notice  from  Figure  3(a)  that  19-gauge  standard  cable  contains 
many  pairs  having  small  twist  frequencies  (long  twist  lengths),  but 
only  a  few  pairs  having  large  twist  frequencies  (short  twist  lengths). 
In  other  words,  the  twist  spectrum  is  skewed  toward  small  twist 
frequencies.  Since  computation  of  an  average  is  very  sensitive  to  a 
few  points  having  extreme  values,  the  average  twist  frequency  is 
pulled  toward  the  few  pairs  having  large  twist  frequencies. 
Contrastingly,  since  the  median  is  insensitive  to  a  few  pairs  having 
extreme  values,  the  median  twist  frequency  more  closely  represents 
the  bulk  of  the  data.  The  difference  between  the  median  TF  and 
the  average  TF  serves  as  a  measure  of  the  asymmetry  of  the  twist 
frequency  spectrum.  Multiplying  this  difference  by  DOD  as  in 
equation  (2)  provides  a  measure  of  the  asymmetry  of  the  twist  helix 
angle  spectrum.  When  medTF-avgTF  is  positive,  the  spectrum  is 
skewed  toward  large  helix  angles  whereas  when  medTF-avgTF  is 
negative,  the  spectrum  is  skewed  toward  small  helix  angles. 

Figure  3  shows  that  the  three  twist  spectra  for  standard  cables  are 
all  skewed  toward  small  helix  angles  whereas  the  twist  spectrum  for 
the  "special*  cables  is  just  slightly  skewed  toward  large  helix  angles. 

The  difference  between  medTF  and  avgTF  that  we  have  been 
describing  as  skewness  is  not  the  same  as  the  strict  mathematical 
definition  of  skewness  defined  as*9* 


m  j 

skewness  =  — (3) 

mj 

where 

*)J 

m 3  —  — -  =  third  central  moment  of  the  x,  ,  and 


2(*i- 

m2  —  — - : -  =*=  second  central  moment  of  the  xt  —  variance. 


To  see  if  using  the  strict  mathematical  definition  of  skewness 
would  be  superior  to  using  medTF-avgTF,  the  skewness  of  each  of 
the  four  twist  spectra  was  calculated  from  equation  (3)  and  used 


instead  of  medTF-avgTF  in  equation  (2).  The  degree  of  correlation 
with  worst  pair  FEXT  stayed  essentially  the  same.  Insofar  as 
medTF-avgTF  carries  more  physical  meaning  than  equation  (3),  we 
shall  use  equation  (2)  in  the  remainder  of  this  paper  and  shall  refer 
to  DOD  x  (medTF-avgTF)  as  helix  angle  skewness.  Table  2  lists 
the  median  twist  frequency  and  the  helix  angle  skewness  for  the 
cable  designs  in  Table  1. 


Table  2 

Median  Twist  Frequency  and  Twist  Helix  Angle  Skewness 
of  Standard  and  ’Special"  Cables 


cable 

AWG 

medTF-avgTF 

(twists/inch) 

DOD  x  (medTF-avgTF)  | 

air  core 

waterproof  | 

DEPIC 

solid 

DEPIC 

solid 

Standard 

19 

-0.0269 

-1.61 

-1  69 

-1  99 

22 

-0.0304 

-1.31 

•1.37 

-1.58 

• 

24 

-0.0145 

-0.49 

-0.52 

-0.61 

‘ 

26 

-0.39 

-0.42 

-0.48 

ICOT 

24 

0.0C97 

0.48 

. 

0.48 

MAT 

25 

0.34 

DUCTPIC 

26 

* 

0.24 

26  locap 

26 

• 

0.38 

0.38 

28  AWG 

28 

0.21 

We  now  fit  equation  (2)  to  the  worst  pair  FEXT  data  at  each  of 
the  five  frequencies.  Table  3  shows  the  results. 


Table  3 

Linear  Regression  Equations  for  Worst  Pair  Power  Sum 

FEXT  of  SI 

tadard 

and  ‘Special*  Cables 

Worst  Pair  FEXT  (dB/kft)  =  60  +  6,  ».  DOD  i 

avgTF 

+  b  2  X 

DOD  x  (medTF-avgTF) 

frequency 

correlation 

residual 

no.  of 

(MHz) 

i>0 

b, 

bl 

coef. 

stnd.  error 

msmts. 

0.15 

55.6 

0.493 

1.26 

0.847 

1 .03 

44 

0.772 

43.0 

0.394 

1.24 

0.777 

1.07 

49 

1.6 

36.9 

0.404 

1.51 

0.863 

0.84 

45 

3.15 

31.6 

0  362 

1.26 

0.776 

1.01 

48 

6.3 

26.4 

0.286 

1.15 

0.731 

0.83 

35 

Notice  from  Table  3  that  the  coefficients  of  the  helix  angle  term 
(h,)  tend  to  decrease  as  frequency  increases.  This  tendency  is 
statistically  significant  and  has  been  observed  previously  for  mean 
FEXT.11*  Contrasting  with  these  decreasing  values  for  bh  the 
coefficients  of  helix  angle  skewness  ( b2 )  seem  to  fluctuate  randomly. 
For  example,  the  standard  errors  for  b2  are  about  0.22,  suggesting 
that  even  the  smallest  and  largest  values  of  b2  (i.e..  1.15  and  1.51) 
are  not  statistically  different  at  the  5%  level  of  significance.  Hence, 
b2  can  be  taken  as  a  constant  value  regardless  of  frequency.  In 
Section  5.3,  we  will  use  this  information  regarding  the  frequency 
behavior  of  b  j  and  b2  to  consolidate  the  five  individual  equation  in 
Table  3  into  one  concise  equation  for  worst  pair  FEXT  that  can  be 
used  at  any  frequency  between  0.15  and  6.3  MHz. 

One  last  observation  from  Table  3.  The  residual  standard  errors 
listed  in  the  table  serve  as  an  estimate  of  the  standard  deviation  of 
the  data  about  the  regression  equation.  Since  these  standard  errors 
are  approximately,  one,  about  95%  of  the  worst  pair  FEXT  values  in 
the  data  base  lie  within  ±2xl=*  ±2  dB  of  the  regression  surface. 

5.2  Mean  FEXT 

Having  seen  in  the  previous  section  that  equation  (2)  fits  the 
worst  pair  FEXT  data  better  than  equation  (1),  we  question  whether 
this  might  also  be  true  for  mean  FEXT.  Appendix  A  shows  that  at 
0.15  MHz,  the  simple  helix  angle  model  given  by  equation  ( 1 )  is 
just  as  good  as  the  two  variable  model  given  by  equation  (2). 
However,  at  6.3  MHz  the  two  variable  model  explains  5.7%  more  of 
the  crosstalk  variation  than  does  the  simple  model  and  this 
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improvement  is  statistically  significant.  Because  of  this 
improvement,  we  will  retain  the  two  variable  model  in  the  rest  of 
our  analyses.  Table  4  presents  the  linear  regression  equations  when 
equation  (2)  is  fitted  to  the  mean  FEXT  data  at  each  of  the  five 
frequencies. 


Table  4 

Linear  Regression  Equations  for  Mean  Power  Sum 

FEXT  of  Standard  and  ‘Special"  Cables 

Mean  FEXT  (dB/kft)  -  b<,+  b 

x  DOD  x  avgTF 

+  b2  x  DOD  x  (medTF-avgTF) 

frequency 

correlation 

residual 

no.  of 

(MHz) 

b0 

*2 

coef. 

stnd.  error 

msmts. 

0.15 

58.2 

0.543 

BiSTil 

0.934 

0.73 

44 

0.772 

46.6 

0.21 

0.870 

48 

1.6 

40.6 

0.424 

0.57 

0.865 

46 

3.15 

35.3 

0.371 

0.44 

0.837 

0.82 

48 

6.3 

29.0 

0.376 

0.56 

0.868 

0.75 

39 

95%  of  the  mean  and  worst  pair  FEXT  values  in  the  data  base 
fall  within  ±2x0.90=  ±1.8  dB  of  the  value  predicted  by  the 
regression  equations  in  Table  6. 

Insofar  as  6,  b}  and  b4  arc  the  same  for  both  mean  FEXT  and 
worst  pair  FEXT.  the  difference  between  mean  FEXT  and  worst  pair 
FEXT  is  given  by 

Mean -Worst  Pair  FEXT  =  3.8  -  0.98  x  DOD  (7) 

x  (medTF  —  avgTF ). 

From  Table  2.  the  DOD  x  (medTF-avgTF)  product  ranges  from 
0.48  for  ICOT  cable  to  - 1 .99  for  19-gauge  solid  insulated  waterproof 
cable.  Substituting  these  values  into  equation  (7)  shows  that  worst 
pair  FEXT  ranges  from  3.3  dB  less  than  mean  FEXT  for  ICOT  cable 
to  5.8  dB  less  than  the  mean  for  19-gauge  waterproof  cable.  In 
other  words,  the  power  sum  FEXT  distribution  for  19-gauge 
waterproof  cable  has  a  larger  standard  deviation  than  for  ICOT 
cable. 


Once  again,  just  as  for  worst  pair  FEXT,  the  standard  errors  for 
bt  and  b2  in  Table  4  are  such  that  />,  can  be  considered  to  be 
decreasing  with  frequency  whereas  b2  can  be  considered  a  constant. 
We  shall  use  this  information  in  the  following  section  to  consolidate 
the  five  equations  into  one  concise  equation  for  mean  FEXT. 

5.3  Coasolidatiag  the  Mean  and  Worst  Pair  FEXT  Equations 

The  previous  paper  showed  that  because  6,  in  equation  (1) 
decreases  as  frequency  increases,  mean  FEXT  frequency  scaling  is 
not  a  constant  for  all  cables,  but  rather  is  a  function  of  the  cable's 
average  twist  helix  angle.  Our  observations  in  Sections  5.1  and  5.2 
regarding  the  behavior  of  the  b\  and  b2  coefficients  suggest  the  same 
to  be  true  for  the  two  variable  model  (equation  (2)).  If  this  were 
the  case,  then  the  five  equations  for  either  mean  or  worst  pair  FEXT 
can  be  expressed  in  an  equation  of  the  form 

XT  =  60+6,  x  DOD  x  avgTF  +  b2  x  DOD  x  (medTF-avgTF) 
-  (63  +  *4  x  DOD  x  avgTF  )log,0  /  (6) 


Although  the  value  of  0.996  for  the  correlation  coefficient  in 
Table  6  appears  comfortably  high,  it  is  somewhat  misleading  because 
it  accounts  not  only  for  the  crosstalk  variation  with  cable  design,  but 
also  the  crosstalk  variation  with  frequency.  If  we  remove  the 
frequency  effect  and  examine  only  the  portion  of  the  regression 
equation  that  pertains  to  cable  design,  then  we  find  that  mean  FEXT 
has  a  correlation  coefficient  of  0.873  and  worst  pair  FEXT  has  a 
correlation  coefficient  of  0.805  with  cable  design. 

6.  NEAR-END  CROSSTALK 

By  now  we  might  suspect  that  the  two  variable  model  containing 
average  helix  angle  and  helix  angle  skewness  as  explanatory 
variables  might  also  be  a  good  model  for  both  mean  and  worst  pair 
NEXT.  Indeed  this  turns  out  to  be  the  case.  Even  after  many 
alternate  models  were  tried,  the  same  two  variable  model  is  about  as 
good  as  any  and  better  than  most.  Consequently,  we  shall  discuss 
the  results  using  this  model. 


Table  5  gives  the  results  of  fitting  equation  (6)  to  the  mean  and 
worst  pair  FEXT  data.  These  equations  consolidate  the  ten 
equations  in  Tables  3  and  4  into  two — one  for  mean  FEXT  and  one 
for  worst  pair  FEXT. 


Table  S 

Consolidated  Mean  aad  Worst  Pair  Power  Sum  FEXT  Recession  Eqaatioas 
(0.1S  to  6.3  MHz) 


FEXT (dB/kft )  -  ft0  +  ft,  x  DOD  *  avgTF  +  ft2  x  DOD  x 


crosstalk 

*0 

‘2 

m 

residual 
stnd.  error 

no.  of 

msmts. 

Mean 

440 

0.444 

0.48 

17.8 

0.118 

0997 

0.83 

225 

Worst  Pair 

406 

0.406 

1.32 

17.8 

0.106 

0.996 

0.97 

221 

Examining  Table  5  we  sec  that  the  63  are  identical  (17.8)  for 
both  mean  FEXT  and  worst  pair  FEXT  and  that  the  values  of  b  \ 
and  64  for  mean  FEXT  are  similar  to  the  corresponding  values  for 
worst  pair  FEXT.  We  show  in  Appendix  B  that  the  data  support  the 
validity  of  these  simultaneous  equivalencies  and  that  we  can 
therefore  obtain  two  new  equations  in  which  b\  b 3,  and  b4  are 
forced  to  have  the  same  values  in  both  the  mean  and  worst  pair 
equations.  Table  6  lists  these  equations. 


Table  6 

Cowseltdated  Mean  and  Worst  Pair  Power  Sam  FEXT  Regression  Equations 
(forced  to  bare  similar  bt.  b,  aad  b4  coefficients) 

(•.IS  to  ftJMHD 

FEXT  (dB/kft )  -  ft0  +  ft  |  *  DOD  x  avgTF  +  ft2  *  DOD  * 

(medTF  -  avgTF)  -  (ftj  +  ft4  x  DOD  *  avgTF  )log,0  / 

crosstalk 

»o 

‘i 

corr. 

coef. 

residua) 
stnd.  error 

no.  of 

msmts. 

Mean 

Worst  Pair 

44  2 

40  4 

0423 

0  38 
t  36 

17.8 

0  113 

0  996 

090 

446 

6.1  Worst  Pair  NEXT 


Table  7  gives  the  results  of  fitting  the  two  variable  model  given 
by  equation  (2)  to  the  worst  pair  NEXT  data  at  each  of  the  five 
frequencies. 


Table  7 

Li aear  Regression  Equations  for  Worst  Pair  Power  Sam 
NEXT  of  Standard  and  'Special*  Cables 


frequency 

(MHz) 

Worst  Pair  NEXT  (dB/kft)  =  b0  +  6,  x  DOD  x 
+  62  x  DOD  x  (medTF-avgTF) 

avgTF 

bo 

b  2 

correlation 

coef 

residual 
stnd.  error 

no.  of 

msmts. 

0.15 

55.4 

0.308 

1.24 

0.772 

1.13 

49 

0.772 

45.4 

0.162 

0.89 

0.599 

1.00 

50 

1.6 

41.7 

0.086 

1.24 

0.592 

1.30 

50 

3.15 

37.1 

0.078 

1.05 

0.578 

1.08 

52 

6.3 

33.3 

0.025 

1.36 

0.633 

1.32 

49 

Just  as  for  FEXT,  the  standard  errors  for  6,  and  b2  in  Table  7 
are  such  that  can  be  considered  as  decreasing  with  frequency  and 
b 2  can  be  considered  constant.  We  will  use  this  information  later  in 
Section  6.3  to  consolidate  the  five  individual  equations  into  one 
concise  equation. 

6.2  Mean  NEXT 

Table  8  lists  the  linear  regression  equations  for  mean  NEXT  at 
each  of  the  five  frequencies. 
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Tabic  8 

Liacar  Recreasioa  Eqaatioas  for  Meaa  Power  San 

NEXT  of  Standard  aad  'Special'  Cables 

Mean  NEXT  (dB/kft)  -  i0  +  * 

i  x  DOD  x  avgTF 

+  62x  DOD  x  (medTF- avgTF ) 

frequency 

correlation 

residual 

no.  of 

(MHz) 

...  *•  . 

by 

b: 

coef. 

stnd.  error 

ms  mis. 

0.1  S 

58.6 

0.383 

1.06 

0.773 

1.10 

52 

0.772 

48.3 

0.253 

0.72 

0.687 

0.92 

53 

1.6 

44.5 

0.178 

0.85 

0.657 

0.88 

48 

3.15 

40.5 

0  154 

0.95 

0.624 

0.95 

52 

6.3 

36  6 

0.114 

0.98 

0.590 

1.05 

49 

Once  again  b ,  can  be  considered  as  decreasing  with  frequency 
and  by  can  be  considered  a  constant. 


*.3  Consolidating  the  Meaa  aad  Worst  Pair  NEXT  Equations 

The  coefficients  for  helix  angle  and  helix  angle  skewness  in 
Tables  7  and  8  behave  the  same  as  they  did  for  FEXT  in  Section 
5.3.  Consequently,  the  frequency  scaling  of  worst  pair  and  mean 
NEXT  is  not  a  constant  for  all  cable  designs,  but  rather  is  a  function 
of  the  cable's  average  helix  angle.  Therefore,  NEXT  at  any 
frequency  can  be  modeled  (as  was  done  for  FEXT)  by  equation  (6). 
Table  9  gives  the  results  of  fitting  equation  (6)  to  the  mean  and 
worst  pair  NEXT  data.  These  two  equations  consolidate  the  ten 
equations  in  Tables  7  and  8  into  two. 


Table  9 

Consolidated  Meaa  aad  Wont  Pair  Power  Saai  NEXT  Regression  Equations 
(0.15(0  6.3  MHz) 

NEXT  (dB/kft)  -  b0  +  ft,  *  DOD  x  avgTF  +  b:  x  DOD  * 

(medTF- avgTF)  -  (6,  +  64r  DOD  «  avgTF )logm  / 

crosstalk 

*0 

6, 

*3 

*4 

corr. 

coef 

residual 
stnd.  error 

no.  of 

msmts 

Mean 

Worst  Pair 

47.2 

44.1 

0.236 

0.152 

0.92 

1.15 

13.6  ' 
136 

0.166 

0  177 

0.988 

0984 

0.998 

1.16 

254 

250 

We  see  from  Table  9  that  by  is  identical  (13.6)  for  both  mean 
and  worst  pair  NEXT.  In  addition,  the  two  values  for  b2  are  close  to 
one  another  as  are  the  two  values  for  ft«.  We  show  in  Appendix  C 
that  the  data  support  the  assumption  that  these  coefficients  are 
simultaneously  equivalent.  However,  the  6,’s  cannot  be  taken  as 
being  similar.  This  differs  from  the  FEXT  case  where  the  b2's  were 
found  to  be  different,  but  the  fc|’s  the  same. 


Table  10  presents  the  equations  for  mean  and  worst  pair  NEXT 
when  b2.  by  and  bt  are  forced  to  have  the  same  values  in  both 
equations. 


Table  10 

Consolidated  Meaa  aad  Worat  Pair  Power  Saai  NEXT  Regression  Equations 
(forced  to  have  alaHtar  k2,  b3  aad  b4coefllciea(s) 

(0.15  (o  6.3  MHz) 

NEXT (dB/kfl )  “■  60  +  6 ,  x  DOD  x  avgTF  +6j»  DOD  x 
(medTF-  avgTF)  -  (6 3  +  b4  x  DOD  x  avgTF  )log,0  / 

crosstalk 

*0 

». 

*» 

*4 

corr 

coef 

residual 
stnd.  error 

no.  of 

msmts. 

Mean 

Worst  Pair 

47.2 

44  2 

0.246 

0.142 

1.03 

13.6 

0.171 

0  993 

1.08 

504 

95%  of  the  mean  and  worst  pair  NEXT  values  fall  within 
±2x1.08=!  ±2.2  dB  of  the  value  predicted  by  the  equations  in  Table 
10. 


Insofar  as  by  by  and  bt  are  the  same  for  both  mean  NEXT  and 
worst  pair  NEXT,  the  difference  between  the  mean  and  worst  pair 
NEXT  equations  is  given  by 

Mean— Worst  Pair  NEXT  —  3.0  +  0.104  x  DOD  x  avgTF.  (8) 

From  Table  I,  the  DOD  x  avgTF  product  ranges  from  8.7  for 
the  28-gauge  experimental  cable  to  20.9  for  19-gauge  solid  insulated 
waterproof  cable.  Substituting  these  into  equation  (8)  shows  that 


worst  pair  NEXT  is  3.9  dB  less  than  mean  NEXT  for  the  28-gauge 
cable,  but  5.2  dB  less  than  the  mean  value  for  the  19-gauge  cable. 
In  other  words,  the  power  sum  NEXT  distribution  for  19-gauge 
waterproof  cable  has  a  larger  standard  deviation  than  for  the  28- 
gauge  cable. 

As  with  FEXT,  although  the  value  of  0  993  for  the  correlation 
coefficient  in  Table  10  appears  comfortably  large,  it  is  misleading 
because  it  reflects  not  only  the  variation  of  crosstalk  with  cable 
design,  but  also  the  crosstalk  variation  with  frequency.  If  we 
remove  this  frequency  effect  and  examine  the  regression  equation 
only  as  it  pertains  to  cable  design,  then  wc  find  that  mean  NEXT 
has  a  correlation  coefficient  of  0.664  and  worst  pair  NEXT  has  a 
correlation  coefficient  of  0.597  with  cable  design. 


7.  COMPARISON  OF  FEXT  AND  NEXT  EQUATIONS 

Table  6  gave  the  final  equations  for  FEXT  and  Table  10  for 
NEXT.  We  rewrite  these  equations  again  here: 


Tabic  11 

Consolidated  Power  Sum  Crosstalk  Regression  Equations 
(0.15  to  6.3  MHz) 

XT  (dB/kft)  =  *0  +  by  x  DOD  x  avgTF  +b  2  x  DOD  x 
(medTF— avgTF)  -  (6,  +  6.  x  DOD  x  avgTF  )logln  / 

crosstalk 

bo 

by 

by 

b, 

b  4 

residual 
stnd.  error 

FEXT 

Mean 

Worst  Pair 

44.2 

40.4 

0.423 

0.38 

1.36 

17.8 

0.113 

0.82 

0.97 

NEXT 

Mean 

Worst  Pair 

47.2 

44.2 

0.246 

0.142 

1.03 

13.6 

0.171 

1.01 

1.17 

The  by  and  b,  coefficients  are  frequency  scaling  terms  and  these 
terms  indicate  that  crosstalk  frequency  scalings  are  a  function  of  the 
particular  cable  design.  For  example.  FEXT  frequency  scalings 
range  from  18.8  dB  per  decade  for  the  28-gauge  cable  to  20.2  dB  per 
decade  for  1 9-gauge  solid  insulated  waterproof  cable.  These  are 
from  1.2  dB  less  to  0.2  dB  more  than  the  traditional  20  dB  per 
decade  rule.  Similarly,  NEXT  scalings  range  from  15.1  dB  per 
decade  for  the  28-gauge  cable  to  17.2  dB  per  decade  for  19-gauge 
solid  insulated  waterproof  cable.  These  are  form  0.1  dB  more  to  2.2 
dB  more  than  the  traditional  15.0  dB  per  decade  rule. 

At  1  MHz,  the  frequency  scaling  term  in  the  equations  in  Table 
1 1  become  zero  and  we  are  left  with  only  the  design  dependent 
terms  (plus  a  constant).  At  this  frequency,  by  (the  coefficient  of  the 
helix  angle  term)  is  largest  for  mean  and  worst  pair  FEXT,  smaller 
for  mean  NEXT,  and  smallest  for  worst  pair  NEXT.  This  suggests 
that  at  I  MHz,  increasing  the  average  twist  helix  angle  of  a  cable 
design  improves  mean  and  worst  pair  FEXT  three  times  as  much  as 
worst  pair  NEXT. 

The  b  2  coefficient  is  largest  for  worst  pair  FEXT  and  smallest  for 
mean  FEXT.  Consequently,  skewing  the  helix  angle  spectrum 
toward  large  helix  angles  (short  twist  lengths)  improves  worst  pair 
FEXT  3.6  times  as  much  as  it  improves  mean  FEXT. 

The  residual  standard  errors  in  Table  1 1  show  that  mean  FEXT 
can  be  predicted  with  the  greatest  precision  whereas  worst  pair 
NEXT  has  the  least  precision.  This  implies  that  unidentified  factors 
influence  worst  pair  NEXT  much  more  than  they  affect  mean 
FEXT 

The  crosstalk  and  frequency  scalings  for  all  the  standard  and 
"special'  cable  designs  were  computed  at  I  MHz  using  the  equations 
in  Table  II  Table  12  gives  the  FEXT  results  and  Table  13  gives 
the  NEXT  results. 
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Table  12 

Predicted  FEXT  at  1  MHz  and  Frequency  Scahais  of  Various  PIC  (  able  Pe»lf « 


cable 

AWG 

XT 

TyP«  .. 

air  core  1 

water 

proof 

DEPIC 

solid 

DEPIC 

solid 

XT 

(dB/kft) 

Scaling 

(dB/dec) 

XT 

(dB/kft) 

Scaling 

(dB/dec) 

XT 

(dB/kft) 

Scaling 

(dB/dec) 

XT 

(dB/kfi) 

Scaling 

(dB/dec) 

Sta  ndard 

19 

Mean 

50.8 

19.7  1 

511 

19.8 

52  3 

20.2 

Wrst  Pr 

45  4 

* 

45.6 

46  5 

22 

Mean 

492 

19 .2 

49.4 

19) 

502 

J96 

Wrst  Pr 

44  1 

* 

44.2 

44.8 

24 

Mean 

48  7 

19.0 

49.0 

19.1 

49.8 

19  3 

Wrsl  Pt 

• 

44.4 

44.7 

45.4 

26 

Mean 

. 

47  8 

18.8 

48  0 

18  9 

48  6 

19.0 

Wrsl  Pr 

43.6 

• 

43  8 

44.3 

1COT 

24 

Mean 

52.7 

20  0 

52  7 

200 

Wrst  Pr 

49,4 

49  4 

■ 

MAT 

25 

Mean 

so  r  1 

19  4 

Wrst  Pr 

46.8 

DUCTPIC 

26 

Mean 

48  4 

18.9 

- 

• 

Wrst  Pr 

44  9 

* 

• 

26  locap 

26 

Mean 

51.0 

19  6 

51  0 

196 

Wrst  Pr 

47.6 

* 

47.6 

28  AWG 

28 

Mean 

48.0 

18  8 

Wrst  Pr 

44  4 

* 

Table  13 

Predicted  NEXT  at  1  MHz  aad  Frequeacy  Scalings  of  Various  PIC  ('able  Peiif » 


cable 

AWG 

air  core 

waterproof  | 

DEPIC 

solid 

DEPIC 

solid  ] 

XT 

Tjpt 

XT 

(dB/kft) 

Scaling 

(dB/dec) 

XT 

(dB/kfi> 

Scaling 

(dB/dec) 

XT 

l  dB/kft) 

Scaling 

(dB/dec) 

XT 

(dB/kft) 

Scaling 

lUB/dccl 

Standard 

14 

Mean 

49  7 

16  5 

49  8 

166 

50  3 

17.2 

Wrst  Pr 

45.0 

45  0 

45.) 

11 

Mean 

. 

49  0 

15  8 

49  1 

159 

49  4 

16  3 

Wrst  Pr 

• 

44.7 

44  7 

448 

* 

24 

Mean 

494 

15  5 

49  6 

15  6 

499 

15  9 

Wrsl  Pr 

45.3 

45  3 

45  5 

• 

26 

Mean 

49.0 

15  1 

49  1 

152 

49  4 

15.4 

Wrst  Pr 

45.0 

45) 

45  2 

ICOT 

24 

Mean 

52.5 

17.0 

52  5 

170 

Wrst  Pr 

47.5 

47  5 

* 

MAT 

25 

Mean 

51.0 

160 

Wrst  Pr 

466 

* 

' 

• 

DUCTPIC 

26 

Mean 

44  8 

15  3 

- 

Wrst  Pr 

45.8 

26  locap 

26 

Mean 

514 

16  3 

514 

16.3 

Wrst  Pr 

46.8 

■ 

46  K 

- 

28  AWG 

28 

Mean 

496 

15  1 

Wrst  Pr 

45  6 

8.  CONCLUSIONS 

Analyses  of  ihe  power  sum  crosstalk  performance  of  the 
various  standard  and  ‘special"  copper  PIC  cable  designs  show  that: 

•  At  frequencies  near  0.15  MHz,  the  variation  in  mean  power 
sum  FEXT  from  one  cable  design  to  another  is  adequately 
explained  by  the  cable’s  average  twist  helix  angle.  At  high 
frequencies  (6.3  MHz),  however,  the  addition  of  a  helix 
angle  skewness  term  significantly  improves  the  explained 
variation. 

•  Average  twist  helix  angle  alone  does  not  adequately  explain 
the  variation  in  worst  pair  power  sum  FEXT,  worst  pair 
power  sum  NEXT,  or  mean  power  sum  NEXT.  A  model 
that  contains  both  average  helix  angle  and  helix  angle 
skewness  terms  substantially  increases  the  explained 
variation. 

•  FEXT  and  NEXT  frequency  scalings  are  a  function  of  the 
average  twist  helix  angle  of  the  cable  design.  Mean  and 
worst  pair  FEXT  scalings  range  from  18.8  to  20  2  dB  per 


decade  and  these  are  from  1.2  dB  less  to  0.2  dB  more  than 
the  traditional  20  dB  per  decade  rule.  For  NEXT,  scalings 
range  from  15.1  to  17.2  dB  per  decade  and  these  are  from 
0.1  dB  to  2.2  dB  more  than  the  traditional  15.0  dB  per 
decade  rule. 

The  regression  model  used  in  this  paper  is  an  extension  of  the 
one  used  previously  lo  model  mean  FEXT.  The  new  model 
includes  not  only  average  twist  helix  angle  as  an  explanatory 
variable,  but  also  the  difference  between  median  twist  frequency 
and  average  twist  frequency  as  a  measure  of  the  skewness  of  the 
twist  helix  angle  spectrum.  These  two  variables  suggest  that 
crosstalk  depends  not  only  on  the  location  of  the  twist  helix  angle 
spectrum,  but  also  on  its  shape. 

The  regression  equations  in  Tables  3  and  4  can  be  used  to 
calculate  respectively  the  expected  worst  pair  and  mean  FEXT 
performance  of  standard  or  ’special'  copper  PIC  cables  at  any  of 
the  five  specific  measureme.it  frequencies.  Similarly,  the 
equations  in  Tables  7  and  8  can  be  used  to  calculate  worst  pair  and 
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mean  NEXT  performance.  Alternately,  rather  than  use  these 
equations  at  the  specific  measurement  frequencies,  one  can  use  the 
consolidated  equations  in  Table  II  at  any  frequency  from  0.15  to 
6.3  MHz. 

The  equations  in  Tabic  1 1  were  used  to  calculate  the  crosstalk 
performance  of  existing  cable  designs  at  1  MHz  and  the  results 
appear  in  Tables  12  and  1J.  These  equations  can  also  be  used  to 
predict  the  crosstalk  performance  of  new  designs.  As  long  as  pair 
twists  are  judiciously  chosen  and  spaced  within  the  twist  spectrum, 
one  can  use  these  equations  to  predict  crosstalk  using  only  three 
design  parameters — diameter  over  dielectric  (DOD),  average  twist 
frequency  (avgTF),  and  median  twist  frequency  (medTF). 
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model  and  equation  (2)  the  full  model.  We  can  therefore  compare 
the  results  of  the  two  models  statistically  by  using  the  F  lest  of  the 
form* 


f.  (Rp2-R,2)/(p~q) 

“  (l-R„2l/(n-p-l) 

wilhp-q  and  n-p- 1  degrees  of  freedom,  where 


(4-1) 


Rp  =  multiple  R!  of  the  full  model, 

R,2  =  multiple  R2  of  the  reduced  model, 
p  =  number  of  explanatory  variables  in  the  full  model. 
q  -*  number  of  explanatory  variables  in  the  reduced  mode),  and 
n  =  number  of  observations. 

For  our  situation  we  have 

p  _  (0-872— 0,863 )/( 2— I ) 
(1-0.8721/(44-2-1) 

=  2.88. 


At  the  5%  level  of  significance,  the  value  of  F  for  1  and  41 
degrees  of  freedom  can  be  found  from  standard  tables  of  the  F 
distribution  and  equals  4.08.  In  other  words,  95%  of  the  sample 
values  for  Rp  and  R42  will  have  F  values  less  than  4.08.  Since 
2.88  is  less  than  4.08,  our  value  of  0.863  for  R?2  is  not  signihcantly 
different  from  the  value  of  0.872  for  Rp  We  therefore  conclude 
that  for  mean  FEXT  at  0.15  MHz,  the  helix  angle  model  is  not 
significantly  different  from  the  two  variable  model. 


A .2  6.3  MHz 

From  Table  4,  we  see  that  equation  (2)  has  a  multiple 
R2  =  0.753  at  6.3  MHz.  Fitting  equation  (1)  to  the  same  data 
yields  an  R2  —  0.696.  Substituting  these  values  into  equation  (A- 
I )  we  get 

F  *  (0  753-0.6961/(2-1) 
(1-0.7531/(39-2-1) 

=  8.31. 

At  the  5%  level  of  significance,  F  for  1  and  36  degrees  of 
freedom  equals  4.11.  Since  8.31  is  greater  than  4.11,  we  conclude 
that  for  mean  FEXT  at  6  3  MHz.  the  helix  angle  model  is 
significantly  different  from  the  two  variable  model 


Appendix  B 

Testing  Whether  Selected  Coefficients  for  Mean  FEXT 
are  the  Same  ns  for  Worst  Pair  FEXT 


Appeadix  A 

Coatpariag  the  Simple  Helix  Aagle 
aad  Two  Variable  Models  foe  Meaa  FEXT 

We  wish  to  compare  the  amount  of  mean  FEXT  variation 
explained  by  equation  (I)  to  the  amount  explained  by  equation 
(2) 

A.I  0.15  MHx 

From  Table  4,  we  see  that  equation  (2)  has  a  multiple 
R2  ~  0.872  at  0.15  MHz.  (Multiple  R2  is  the  square  of  the 
correlation  coefficient.)  In  other  words,  equation  (2)  explains 
87.2%  of  the  mean  FEXT  variation.  Fitting  equation  (1)  to  the 
same  data  produces  a  multiple  R2  —  0  863  Since  equation  (1)  is  a 
subset  of  equation  (2).  equation  (I)  can  be  considered  a  reduced 


We  wish  to  show  that  the  values  for  b,  6)  and  b4  for  mean 
FEXT  in  Table  5  are  not  significantly  different  from  their  values' 
for  worst  pair  FEXT  in  the  same  table. 

Table  5  lists  two  equations — one  for  mean  FEXT  and  one  for 
worst  pair  FEXT.  These  two  equations  can  be  expressed  in  a 
single  equation  as 

XT  -  A0  +  l>-,T  +  (6,+A6r)  x  DOD  x  avgTF 

+  ib!+b7T)  x  DOD  x  (medTF-  avgTF)  (B-l) 

-  ]b7+b,T+ibt+b,T)  x  DOD  x  avgTFjlog,„  / 

where 

r*  0  for  mean  XT,  and 
T  -  1  for  worst  pair  XT. 

•  Chaffcr/cc,  S  and  Price.  B  .  Regression  Anah'su  h\  hxomple  John  Wiley  and  Son*. 
1971.  p 
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In  order  for  6'  6 )  and  64  to  be  the  same  for  both  mean  FEXT 
and  worst  pair  FEXT,  6t,  b ,  and  6*  must  be  equal  to  zero.  In  this 
case,  (B-l)  reduces  to 

XT  =  *0  +  bsT  +  b,  x  DOD  x  avgTF 
+  (b2+btT)  x  DOD  x  (medTF—  avgTF )  (B-2) 

—  (6j+64  x  DOD  x  avgTF  )log,o/ 

Equation  (B-2)  is  a  submodel  of  equation  (B-l).  We  can 
therefore  compare  the  two  models  using  the  same  procedure  as  in 
Appendix  A.  Fitting  equation  (B-l)  to  the  mean  and  worst  pair 
FEXT  data  yields  an  R2  —  0.99324.  Fitting  equation  (B-2)  to  the 
same  data  produces  an  R2  “  0.99320.  Substituting  these  values 
into  equation  (A-l ): 

-  (0.99324— 0,99320)7(9— 6) 

( 1  — 0.99324)/(446— 9—  1 ) 

=  0.860. 

At  the  5  %  level  of  significance,  F  for  3  and  336  degrees  of 
freedom  equals  2.63.  Since  0.860  is  less  than  2.63,  we  conclude 
that  there  is  no  significant  difference  between  equations  (B-l)  and 
(B-2). 

Evaluating  equation  (B-2)  for  mean  and  worst  pair  FEXT 
(T  =  0  and  T  =  1)  produces  the  results  given  in  Table  6. 


Appendix  C 

Testing  Whether  Selected  Coefficients  for  Mean  NEXT 
are  the  Same  as  for  Worst  Pair  NEXT 


James  J.  Refi 
Bell  Laboratories 
2000  Northeast  Expressway 
Norcross,  Georgia  30071 


Mr.  Refi  began  work  with  Bell  Laboratories  in  1966  at  the 
Baltimore  Laboratory  as  a  Member  of  Technical  Staff.  He  has 
worked  on  land  coaxial  cable,  multipair  cable,  international  cable 
specifications,  and  has  authored  papers  on  T2-LOCAP  cable,  pair 
unbalance  phenomena,  lightning  surges  in  telephone  cable,  and 
crosstalk.  He  is  currently  engaged  in  optical  fiber  bandwidth 
studies. 

Mr.  Refi  received  his  B.S.E.E.  from  Villanova  University  in 
1966  and  the  M.S.E.E.  from  the  Polytechnic  Institute  of  Brooklyn 
in  1968.  He  is  a  member  of  I.E.E.E.,  Tau  Beta  Pi.  and  Eta  Kappa 
Nu. 


We  wish  to  show  that  the  values  for  62.63  and  64  for  mean 
NEXT  in  Table  9  are  not  significantly  different  from  their  values  for 
worst  pair  NEXT  in  the  same  table.  We  shall  show  this  by  using  the 
same  method  as  in  Appendix  B. 

Table  9  lists  two  equations — one  for  mean  NEXT  and  one  for 
worst  pair  NEXT.  Both  equations  can  be  expressed  as  a  single 
equation  having  the  form  given  by  equation  (B-l).  For  62.  b}  and 
b,  to  be  the  same  for  both  mean  NEXT  and  worst  pair  NEXT, 
bt  b 8  and  6,  must  be  equal  to  zero.  In  this  case,  (B-l)  reduces  to 

XT  -  b0  +  6ST  +  (6,+66T)  x  DOD  x  avgTF 

+  b2  x  DOD  x  (medTF— avgTF)  (C-l) 

—  (63+64  x  DOD  x  avgTF  )log,0 /. 

Fitting  equation  (B-l)  to  the  mean  and  worst  pair  NEXT  data 
yields  an  R2  =  0.98665.  Fitting  equation  (C-l)  to  the  same  data 
produces  R2  =  0  98653.  Substituting  these  values  into  equation 
(A-l): 

-  =  (0.98665— 0.98653  )/(9— 6) 

( 1—0. 98665 )/( 504—9—1 ) 

-  148. 

At  the  5  %  level  of  significance.  F  for  3  and  494  degrees  of 
freedom  equals  2.62.  Since  1.48  is  less  than  2.62,  we  conclude  that 
there  is  no  significant  difference  between  equations  (B-l)  and  (C-l). 

Evaluating  equation  (C-l)  for  mean  and  worst  pair  NEXT 
(T  —  0  and  T  =»  I)  produces  the  results  given  in  Table  10. 
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INSTANTANEOUS  CABLE  SEALING  TECHNIQUE:  THEORY  AND  TYPICAL  APPLICATIONS 


Roger  H.  Keith,  P.E. 


TelComm  Products  Division/3M 


St. Paul,  Minn, 


ABSTRACT 

Prestretched  tubing  is  made  from  an  elastomeric 
sleeve,  factory  expanded  onto  a  core  which  supports 
it.  Unwinding  the  core  applies  the  sleeve,  collap¬ 
sing  it  onto  the  cable  or  connection  with  continu¬ 
ing  shrink  force  throughout  its  service  life. 


and  the  accompanying  training,  skill,  application 
and  setting  time  of  traditional  sealing  methods. 

In  the  event  of  removal  of  the  tubing,  prestretched 
material  is  normally  bonded  by  continuing  shrink 
forces  alone,  and  no  adhesive  cleanup  is  required. 


Unlike  heat  shrink  and  two-part  seal  systems,  no 
source  of  heat  or  energy,  wet  or  hot  adhesives  are 
needed  in  most  uses,  and  the  action  is  immediate  on 
initiation  of  core  collapse,  freeing  results  from 
operator  technique.  The  seal  is  made  at  once,  even 
in  rtin,  snow,  immersion  or  zero  visibility. 

Tube  materials  and  shrink  characteristics  are  given 
with  practical  product  sizes  and  capacities.  Envi¬ 
ronmental  tests  show  excellent  protection  of  CATV 
coax  connectors,  suggesting  solution  of  many  fiber 
optics  splice/connect  problems.  Uses  for  communi¬ 
cations  battery  clamps,  case  gland  seals,  cable 
splices,  and  plenum  cable  sheath  repair  are  shown. 
Molded  sleeves  allow  special  shapes;  multiple  cores 
and  various  materials  are  possible.  New  designs 
hold  cable  pressures  or  apply  torque  prestress  to 
lock  twist  and  bayonet  connections. 

'T 


PRODUCT  FORM,  MANUFACTURE,  AND  USE 

The  simplest  prestretched  tube  construction  consists 
of  a  cut  length  of  extruded  elastic  tubular  sleeve, 
diametrical ly  expanded  in  the  factory  over  a  longer 
rigid  cylindrical  core  which  holds  it  in  the  expan¬ 
ded  condition  as  shown  in  Figure  1.  The  core  is 


core 


Figure  1.  PRESTRETCHED  TUBE  ASSEMBLY 


INTRODUCTION 

After  a  successful  history  of  service  in  power  cable 
splicing  and  insulation,  the  advantages  of  pre¬ 
stretched  tubing  are  being  applied  to  communications 
uses  with  unique  benefits  and  expanded  design  con¬ 
cepts  as  a  result.  Prestretched  tubing  provides  a 
useful  set  of  alternative  features  for  the  covering 
and  sealing  of  a  cable  splice,  connection  or  case 
entry. 

Traditionally,  a  heat  shrink  material  provided  the 
best  way  to  perform  many  of  these  tasks,  but  it  has 
drawbacks  resulting  from  variations  in  operator 
technique,  fire  and  burn  hazards,  difficulties  in 
getting  good  heat  coverage  in  cramped  quarters,  and 
possible  damage  to  surrounding  installations  during 
application  that  limit  its  use  in  some  conditions.' 

Prestretched  tubing  offers  a  continuous,  seamless 
tubular  seal  at  a  competitive  cost,  easily  applied 
without  tools  or  formal  training,  using  no  heat  and 
almost  instantaneous  in  activation.  Contrast  this 
with  tools,  heat,  adhesives,  and  mechanical  clamps 
or  wet  mastics  or  sealers  which  must  be  mixed  or 
applied  to  close  a  cable  connection  or  case  gland, 


made  by  spiralling  an  interlocking  polypropylene 
extruded  ribbon  which  is  then  periodically  tacked  to 
hold  the  core  in  shape  during  manufacture  and  stor¬ 
age.  The  core  construction  is  detailed  in  Figure 
2.  A  tail  end  of  the  extrusion  is  left  as  a  pull, 
and  is  used  in  the  application  of  the  prestretched 


intermittent  rioout  welds 

,  \  ribbon  cross  section 


tube.  Figure  3  shows  the  procedure: 

First,  the  tube  assembly  is  chosen  which  has  an 
elastic  sleeve  with  a  relaxed  internal  diameter 
somewhat  smaller  than  the  outside  diameter  of  the 
cable  to  be  covered.  This  assembly  is  slipped  over 
one  of  the  cables  to  be  joined,  and  slid  to  one 
side  while  the  connection  is  made.  The  prestretched 
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Figure  3.  JNSTALLATIJN  TECHNIQUE 


tube  assembly  is  moved  over  the  splice,  and  the  pull 
tail  of  the  core  is  unwound  with  a  spiralling  motion 
around  the  core.  The  pull  of  the  tail  rips  out  the 
intermittent  welds  of  the  spiral  ribbon,  collapsing 
the  core  and  withdrawing  it  as  a  long  tail  from  the 
opposite  end.  The  elastic  sleeve  progressively 
shrinks  as  the  core  collapses,  seeking  its  original 
unstretched  size. 2  Since  the  cable  outer  diameter 
is  larger  than  the  relaxed  sleeve  ID,  the  elastic 
sleeve  exerts  a  continuing,  firm  shrinkdown  force, 
and  this  force  perseveres  for  the  life  of  the  con¬ 
nection.  The  appearance  of  a  prestretched  tube, 
cutaway  after  application  to  show  this  effect, 
is  shown  in  Figure  4. 


This  action  is  unlike  that  of  heat  shrink  tubing, 
which  requires  the  application  of  heat  from  a  torch 


or  hot  air  gun  to  release  locked-in  stresses;  heat 
shrink  material  does  not  continue  to  exert  signifi¬ 
cant  shrink  forces  after  heat  is  removed.  In  con¬ 
trast,  the  prestretched  tubing  remains  an  elastic, 
low  modulus  material  throughout  its  service  life 
as  well  as  during  application,  and  can  adjust  to 
cable  movement,  environmental  dimension  changes, 
and  flexing  and  stressing  of  the  finished  assembly 
without  relinquishing  its  persistent  grip  on  the 
cable  or  connector.  This  property  of  prestretched 
tubing  allows  it  to  form  an  excellent  watertight 
seal  without  the  use  of  adhesives  or  mastics  to 
bond  to  most  cable  sheath  surfaces  and  materials. 

SLEEVE  MATERIALS  AND  PROPERTIES 


The  choice  of  an  elastomeric  material  for  the  pre¬ 
stretched  sleeve  requires  a  compound  having  low  per¬ 
manent  set,  good  cut,  tear,  and  abrasion  toughness, 
high  elongation  and  ultimate  strength,  and  good  en¬ 
vironmental  inertness.  Silicone,  Neoprenetm,  and 
EPDM  synthetic  materials  have  these  characteristics 
and  special  formulations  and  manufacturing  tech¬ 
niques  have  been  developed  especially  for  this  use 
to  maximize  these  properties,  control  uniformity, 
and  insure  freedom  from  inhomogeneities  or  defects 
which  could  cause  failure  of  the  sleeve  during 
manufacture,  storage,  or  use. 

Prestretched  products  are  remarkably  free  from 
mechanically-related  defects  during  their  service 
life,  since  this  unique  product  actually  sees  high¬ 
er  stresses  during  manufacture  and  storage  than  in 
usual  service,  and  any  tearing  defect  tendencies 
are  dramatically  exposed  during  the  manufacturing 
process! 

TqbleJ,  .  HIGH  STRETCH  .ETHYLENE  PROPYLENE  .RUBBER: 

TYPICAL  PROPERTIES 


Color 

Black 

100%  Modulus 

ASTM  D  412-75 

0.90  MPA 
(125  psl) 

300%  Modulus 

ASTM  D  412-75 

3.50  MPa 
(500  psl) 

Ultimate  Tensile 

ASTM  D  412-75 

Original 

9.00  MPa 
(1300  psl) 

Ultimate  Elongation 
ASTM  0  412-75 

Original 

650% 

Angle  Tear 

ASTM  D  624C-73 
Original 

29.KN/m 

(160  ppl) 

Shore  A  Hardness 
ASTM  D  2240-75 

43 

Ozone  Resistance 

70  Hz.  @  150  PPM 
ASTM  D  518-61 

No  cracking 

Dielectric  Strength 
ASTM  D  149-75 

Original 
®  1,78mm 

12.8  MVIm 
(326  V/mll) 

22  Hr.  In  HjO  at  90 *C 

8.5MV/m 
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Table  I  shows  typical  properties  of  the  EPDM  com¬ 
pounds  developed  for  this  use.  Originally,  expan- 
ded-.relaxed  ID  ratios  of  2.0:1  were  the  highest 
that  could  be  reliably  employed,  but  these  can  be 
increased  to  a  core  size  of  2.5:1  for  many  applica¬ 
tions,  due  to  improvements  in  formulation  and  pro¬ 
cessing  care.  Recently,  a  high  strength  EPDM  mater¬ 
ial  has  been  developed  which  permits  a  4.0:1  expan¬ 
sion  of  the  extruded  rubber  sleeve  on  its  core. 

As  the  elastomer  sleeve  is  stretched  onto  the  col¬ 
lapsible  core  during  manufacture,  the  longitudinal 
stresses  induced  by  the  hoop  forces  pull  the  tube 
slightly  inward  along  its  axis,  making  it  about  152 
shorter  than  its  relaxed  cut  length  after  being 
stretched  2  to  3  times  its  original  10  onto  a  core. 
In  shrinking,  the  tube  approaches  its  original 
length  as  it  is  applied.  This  can  be  modified  by 
the  degree  of  diametrical  relaxation,  and  also  by 
changes  in  operator  technique  in  either  pulling  or 
pushing  the  tube  assembly  along  the  cable  as  the 
core  tail  is  pulled  and  unwound.  This  lays  the 
rubber  down  in  a  slight  longitudinal  tension  or 
compression  with  its  friction  to  the  cable  jac¬ 
ket  holding  it  in  place. 


Table  IIP.  PRESTRETCHED  TUBFS.  EPDM  RUBBER  SLEEVE 
GENERAL  COMMUN 1  CAT  1 ONS  USE 


Tflpie_ub. 


PRESTRETCHED  TUBES.  EPDM  ROBBER  SI  FFVF 
CATV  COAXIAL  CABI  E  USE 


A  programmable  routine  for  the  TI-59  printing  cal¬ 
culator  has  been  developed  to  represent  the  typical 
sleeve  length  and  wall  thickness  variation  that  can 
be  expected  for  given  stretch  and  relaxation  ratios 
of  the  sleeve  (see  Appendix.)  This  calculation  as¬ 
sumes  incompressibility  of  the  bulk  elastomer,  and 
is  of  value  to  a  designer  in  approximating  the 
as-applied  length  of  a  given  cut  sleeve  if  a  very 
close  tolerance  must  be  kept  for  length  on-cable. 
Conversely,  it  provides  a  first  approximation  to 
the  specifier  for  a  cut  length  to  give  a  desired 
special  result.  In  most  cases,  however,  the  10  to 
20%  change  in  length  is  simply  allowed  for  by  using 
a  slightly  overlength  sleeve  as-cut  for  the  desired 
in-place  coverage. 


Short  S  Tubes:  Terminations  to  Taos,  Amplifiers,  Splitters 
Long  L  Tubes:  Coaxial  Cable  Splice  Connectors 


Type 

Cable  Diameter 
Outer  Conductor 

Application  Diameter 
Environmentally  Exposed 

Length 

4626S 

46261 

Drop  Wire 

0.27  -  0.60  m 

3.0  in 

(  .0 

4627$ 

46271 

0.4’2  in 

0.$0  -  •  12 

13.0 

4626$ 

46261 

0.600 

0. $6  -  1.23 

14.0 

4629$ 

46291 

0.62$ 

0-b9  -  1 . $0 

13.6 

4630$ 

46301 

0.750  &  0.87$ 

0.71  -  1 . $0 

14.0 

4631$ 

463U 

1.00 

0.88  -  1.80 

7  0 

:$.o 

PRODUCT  DIMENSIONS  AND  CAPABILITIES 

The  most  common  type  of  prestretched  tube  consists 
of  a  straight  extruded  hollow  EPDM  rubber  tube  on 
a  single  wound  polypropylene  core,  with  the  sleeve 
having  an  inside  diameter  of  0.14  to  1.5  inches. 
Larger  sizes  of  rubber  sleeve  can  be  used,  but  col¬ 
lapsing  forces  on  the  core  can  be  large  and  limit 
the  degree  of  stretch  that  can  be  employed,  inde¬ 
pendent  of  the  stretch  ratios  attainable  in  smaller 
sizes  with  a  given  elastomer  formulation. 

Wall  thicknesses  are  typically  0.12  to  0.24  inches; 
this  is  "heavy  wall  tube,"  particularly  in  the 
smaller  sizes.  The  devices  can  be  made  from  just 
an  inch  or  so  up  to  several  feet  long. 


Some  commonly  available  sizes  for  communications 
use  are  shown  in  Table  II,  along  with  their  "appli¬ 
cation  range."  This  range  first  describes  the 
smallest  diameter  that  the  tube  can  be  applied  to, 
for  which  a  lasting  shrink  force  will  maintain  an 
effective  seal  in  typical  service.  This  represents 
about  40%  stretch  over  the  as-extruded  ID,  and  al¬ 


lows  for  slight  residual  permanent  set,  loss  of  con¬ 
tracting  force  over  years  of  storage  or  service,  and 
an  additional  margin  to  create  the  interference  be¬ 
tween  the  cable  or  connector  0D  and  the  sleeve  ID 
which  generates  the  inward  sealing  action.  The  max¬ 
imum  diameter  of  accomodated  range  may  approach  the 
largest  stretch  that  the  rubber  composition  can  al¬ 
low,  but  is  always  somewhat  smaller,  lessened  by  the 
thickness  of  the  core  tube  and  a  clearance,  typical¬ 
ly  0.12  to  0.18  inches,  for  pulling  of  the  core  rib¬ 
bon  tail  between  the  core  ID  and  the  cable  or  con¬ 
nector  0D.  Environmental  and  mechanical  require¬ 
ments  for  the  stretch  tube  often  pose  additional 
limitations  on  a  practical  upper  diameter  in  many 
services. 

The  table  shows  a  series  of  prestretched  tubes  sized 
specifically  for  CATV  and  similar  coaxial  cable  con¬ 
nector  protection.  The  large  stretch  ratios  which 
these  devices  can  accomodate  allows  specification 
of  a  single  product  size  for  many  sizes,  shapes,  and 
makes  of  connectors  manufactured  for  a  given  size 
of  cable,  despite  rather  large  variations  in  the 
size  of  hex  bushings  and  nuts  used  by  different 
makers. 
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SHRINK  FORCES 


The  magnitude  of  the  inward  shrink  force  exerted  by 
a  sleeve  can  be  measured  experimentally  be  inflating 
a  section  of  the  tube  and  measuring  its  diameter. 
This  represents  a  dynamic  equilibrium  between  the 
air  pressure  inside  the  tube,  tending  to  expand  it, 
balanced  by  the  contacting  force  of  the  elastomer 
sleeve,  as  shown  in  Figure  5. 


Inward  Shrink 
forces 

balance 


outward  pressure 


Future  5.  CROSS  SECTION  OF  INFLATED  SLEEVE 

A  series  of  copper  tubes  of  various  diameters  was 
prepared,  with  test  gauges  and  a  regulated  air  sup¬ 
ply,  in  order  to  determine  these  pressure  forces. 

The  apparatus  is  shown  in  Figure  6.  A  hole  near  the 
center  of  each  tube  allowed  air  to  bleed  under  pre¬ 
stretched  sleeves  attached  to  the  tubes. 


tionless  air  bearing  condition,  with  the  internal 
pressure  forming  a  thin,  moving  sheet  of  air  which 
runs  from  the  hole  in  the  copper  tube,  under  and 
out  each  end  of  the  sleeve.  This  frictionless 
state  was  used  to  precondition  the  sleeve  and  remove 
residual  stresses  which  might  have  been  imposed  in 
loading  it  onto  its  core,  or  in  application  to  the 
copper  tube.  By  rotating  and  sliding  the  sleeve 
up  and  down  the  tube,  and  then  lowering  the  air 
pressure  until  the  sleeve  once  again  grabbed  and 
locked  onto  the  copper  tube,  unwanted  stresses  were 
relieved  and  the  sleeve  was  held  in  this  condition. 

The  sleeve  was  then  secured  to  the  copper  tube 
using  worm  screw  hose  clamps,  protecting  the  sleeve 
under  the  clamps  with  several  wraps  of  Type  LR  tel¬ 
ephone  tape. 

The  rubber  sleeve  was  marked  at  regular  intervals 
along  its  length  to  provide  stations  for  diameter 
measurements.  The  internal  pressure  was  advanced 
for  10  minutes  by  step  increments  of  2  psi,  and  bi¬ 
axial  diameter  measurements  of  the  rubber  sleeve 
were  taken  at  each  pressure,  for  each  station.  At 
the  maximum  permissible  expansion  for  a  given  tube, 
the  pressure  was  held  for  10  minutes,  then  reduced 
in  2  psi  increments  until  the  tube  was  firmly  seated 
with  diameters  being  recorded  at  the  end  of  each  10 
minute  period. 


Before  an  inflation  test  series  was  begun,  the  in¬ 
ternal  air  pressure  was  raised  until  the  rubber 
sleeve  just  barely  lifted  off  the  copper  tube  due 
to  internal  pressure,  and  the  pressure  was  noted. 

At  this  pressure,  the  sleeve  is  held  in  a  near-fric- 


Typical  results  of  a  test  are  shown  in  Figure  7, 
relating  diameter  and  internal  pressure  for  an  EPDM 
sleeve  applied  to  a  copper  tube  very  close  in  size 
to  its  relaxed  10.  The  curve  represents  increasing 
diameter  with  increasing  pressure,  and  at  the  ex¬ 
treme  in  pressure,  a  slight  increase  in  diameter  re¬ 
sults  as  the  pressure  is  held  constant,  due  to  the 
relaxation  of  the  10-minute  remnants  of  permanent 
set.  This  same  phenomenon  is  responsible  for  the 
hysteresis  loop  formed  as  pressure  is  reduced.  The 
spacing  between  the  upward  and  downward  pressure 
change  data  is  small,  indicating  the  excellent  re¬ 
covery  of  this  EPDM  compound,  amounting  to  a  small 
fraction  of  an  inch  at  most. 3,4 


sleeve  od,  in 

.'am  in  l  EPDM  sleeve  reloxed  ID  0.50  in  <12. 7mr : 


Figure  7.  SLEEVE  DIAMETER  CHANGE,  STEP  PRESSURE  INPUT 
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When  similar  sleeves  of  the  same  size  are  applied 
to  copper  tubes  of  different  diameters,  a  family  of 
curves  such  as  that  shown  in  Figure  9  is  obtained. 
The  curve  for  each  diameter  of  tube  is  essentially 
the  same  at  higher  pressures,  but  has  a  different 
line  of  entry  representing  the  prestretch  of  the 
sleeve  on  the  copper  tube.  The  copper  tube  holds 
the  sleeve  in  an  unvarying  stretched  condition  at 
low  pressures,  until  the  internal  pressure  exceeds 
that  corresponding  to  a  sleeve  diameter  in  excess 
of  the  copper  tube  diameter.  At  that  point,  the 
sleeve  lifts  off  and  follows  the  general  curve  for 
an  unsupported  sleeve.  This  verifies  the  prediction 
of  liftoff  pressures  and  shrink  forces  for  a  given 
applied  diameter  and  set  of  conditions,  from  a  gen¬ 
eral  sleeve  curve. 

0  50  100  200  250  KPq 

internal  pressure-—-  ENVIRONMENTAL  EXPOSURE 

Figure  a.  epdm  sleeve  od  s  internal  pressure  Impressive  results  are  obtained  on  environmental 

test  of  prestretched  tubing  applied  to  coaxial  cable 
A  better  idea  of  the  extent  of  this  time  dependence  connectors.  The  bare  connectors  are  not  completely 

of  relaxation  is  shown  in  Figure  8,  which  graphs  the  weatherproof,  and  may  also  be  subject  to  tampering, 

change  in  diameter  with  time  for  a  typical  rubber  vandalism,  or  mechanical  damage  as  they  are  applied 

sleeve,  after  preconditioning  at  pressure  for  at  to  military  use,  home  distribution,  and  industrial 

least  an  hour,  first  in  response  to  a  step  increase  cable  TV  applications.  It  is  also  desirable  to  ex¬ 
in  pressure  from  0.00  to  12.00  psig,  then  in  re-  tend  their  use  to  severe  chemical  environments,  im- 

sporse  to  a  step  decrease  from  16.00  to  12.00  psig.  mersion,  or  direct  burial.  The  application  of  a 

These  curves  indicate  maximum  and  minimum  limits  of  prestretched  lube  is  a  simple,  no-tools  way  of  but- 
what  might  be  expected  as  a  diameter  measurement  toning-up  these  connectors  in  any  kind  of  weather, 

after  a  very  long  time  under  these  conditions.  In  and  broadening  their  application, 

this  case,  the  tube  almost  immediately  reacts  to  a 

change  in  internal  pressure,  coming  to  well  within  Fiber  optics  connections  may  have  poor  environmental 
10%  of  its  expected  equilibrium  diamter  in  two  min-  resistance  without  a  covering,  but  are  subject  to 

utes  or  less.  This  agrees  with  results  obtained  immediate  stress  and  possible  failure  during  appli- 

with  dumbbell  specimens  in  uniaxial  stress-strain,  cation  of  a  heat  shrink  tube.5  The  data  for  pro- 
and  indicates  the  rapidity  with  which  these  sleeves  tection  of  coaxial  connectors  suggests  that  similar 

develop  their  full  shrink-down  force,  and  thus  the  protection  by  prestretched  tubing,  without  the 

speed  with  which  they  can  be  placed  in  service  trauma  of  heat  application,  may  extend  to  fiber  op- 

after  application.  tics  as  well. 


INFLATED  SLEEVE  0D 


0  5(1  100  I  SOkPu 


INTERNAL  PRESSURE  *- 

Figure  9.  EPDM  SLEEVE  0D  *  INTERNAL  PRESSURE 


Tables  III,  IV,  and  V  indicate  the  excellent  results 
obtained  in  response  to  very  severe  environmental 
exposure  of  prestretched  tubing  on  many  common  types 
of  coaxial  cable  connectors.  The  effects  of  water 


L 


Figure  10.  APPLICATION  TC  CATV  COAX  CONNECTOR 
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immersion  to  significant  pressures  have  also  been 
tested:  the  action  of  water  head  serves  only  to 
press  the  applied  sleeve  more  tightly  to  the  cable. 
Tests  of  insulation  leakage  were  terminated  suc¬ 
cessfully  at  150  foot  head,  the  limits  of  the  appa¬ 
ratus,  and  deeper  exposures  are  planned. 

table,  til .  fRESTRETCHEDJ.UBIIIG  Oli  CATV  COAXIAL  CONNECTORS 
E nv  \  r omenta  i  Age  i  ng : 

A .  HOt_S.t9.ra3e:  packaged,  store  tn  ] 3C°F  a.<  70  days,  inspect 
for  degradation,  t^en  B  or  C. 

B.  Ca Id. Jmpac t :  Install  on  type  f?  aror  wire  or  type  L  v) . 4 i  j y 
O.SOO,  0.750  inch  connectors.  Condition  J  nr  -A0UF.  s  impacts 
of  5  f  t -  Id  with  I  inch  OD  steel  cylinder.  Inspect. 

C.  Hot  Age:  Install  as  above,  age  148°f  c*,i  6  months,  inspect. 
Results:  All  Pass.  No  visible  dearaaat .on  cr  measurable 
hardness  change. 


Taol c  IV .  PRESTREKHED  IUB1NG_0N  CATV  COAXIAL  CUKKEC TORS 
ln.sulat.ipn  Resistance:  500  v  DC  on  outer  conductor,  to  water 
bath  immersion  (except  to  wet  sand  m  freeze- thaw  test)  after 
l  hour  conditioning  at  room  temperature: 

A.  WATER  SQAX:  3  mo  room  temp.  2  ft  water  head 


Insulation  resistance,  ohms 


Size,  in 

Type 

Initial 

2  «k 

i  (HO 

3  no 

RG-6 

G 

3  >  10U 

1  »  TO12 

fix  I0U 

777o’° 

0.412 

P 

1  «  IO13 

9  x  TO1’ 

1  .  to12 

3  ,  .o’° 

0-500 

F  , 

1  x  IO13 

5  .  To" 

3  x  101’ 

2  ,  TO30 

0.750 

P  1 

8  x  To" 

s »  to" 

3»  »0" 

s  .  TO10 

6,  TEMPERATURC  CYCLE:  -20°*  to  ♦  H0°F  air.  2  cy/day,  3  mo 


Size. 

RG-6 

0.412 

0.5.00 

0.750 


Insulation  resistance,  ohms 


Type 

In?  t  la  1 

2 

wk 

1 

mo 

3  mo 

G 

3  x  To" 

2 

.  to" 

5 

77^ 

777oTo 

P 

3  x  If" 

2 

X  TO” 

5 

,  to’0 

3  «  .O10 

P 

2  x  To" 

1 

,  TO11 

8 

,  To’0 

5  .  10’° 

P 

3,U>" 

1 

x  io" 

5 

,  lo’° 

1  ,  io’° 

C.  FREtZE-THAW  CXClt:  Imbed  In  wet  sand.  -20°F  to  *140°?, 
?  cycles /ddy.  3  mo 

Insulation  resistance,  ohms 


Size,  In 

Type 

Initial 

2  wk 

1  mo 

3  mo 

RG-6 

G 

1  x  1011 

3  x  1(7" 

•  x  to3’ 

T  x  TO1’ 

0.4 ‘2 

p  ! 

1  X  to13 

1  .  to" 

3  x  io” 

T  i  TO1’ 

0.500 

p  i 

1  x  1011 

1  ,  io" 

2  x  TO1’ 

1  x  io" 

0.750 

p 

1  x  lO13 

•  ,  10" 

2  ,  10" 

2  x  TO10 

0.  HIGH  HUMIDITY:  Aqe  6  mo 

♦120  to  130°F.  RSlrh. 

Insulation  resistance,  ohms 

Size,  in 

Type 

|  Initial 

2  wk 

1  mo 

3  mo 

6 

mo 

RG-6 

L 

2  x  To’2 

<  1  10" 

1  x  IO12 

«  i  to'2 

I 

x 

.o'2 

0.412 

L 

1  ,  .O'2 

1  ,  To" 

2  x  TO11 

I  x  T0,? 

1 

X 

to’2 

0.500 

t. 

2  ,  TO1’ 

8  .  10’» 

1  »  To'" 

2  x  TO12 

4 

X 

to'2 

0. 750 

1 

1  ,  to’2 

3  ,  TO10 

1  ,  TO10 

1  ,  to" 

2 

X 

to" 

t.  SKIT  SPRAY:  ASTM  B-117  salt  foq  chamber.  6  mo 
,  i  Insulation  resistance,  ohms 


Size,  in 

r»p. 

InltT.I 

2  wk 

1  mo 

3  mo 

6  rno 

RG-6 

G  j 

8  x  TO12' 

3  x 

1 7" 

3  i 

io" 

1  X 

IO3® 

4  x  fO11 

0  412  | 

p  1 

1  x  IO33 

3  x 

to'0 

2  x 

-o" 

I  * 

to'0 

5  *  TO" 

0.500 

r 

1  x  IO13 

2  * 

to" 

1  X 

to" 

2  x 

to’0 

T  X  TO’2 

0.750  1 

2 

T  x  TO13 

2  x 

to" 

1  X 

to" 

1  X 

to" 

1  X  TO12 

lable_V.  PRESTRETCHED  TUBING  CN_C  A  TV  COAXIAL  CONNECTORS 
Environmental  Agents : 


■*>.  O/OSf  :  Install  on  "C"  tunnertor-s  on-cat  It*.  Rf.-i, ,  0.41.',  0  SOL- , 
7iO  in.  4STM  li-U49  chamber  i  10t:'  f  /tippp-  c/nne.  U>u  tm,. 

Inspect  under  4x  r.aqnif Hatton  for  irj/imi,  era,.**. 

RlSUllV  Excellent  physical  tondit ’nr, . 


H.  IUr/rOM*l  NSAT  ION:  Install  on  connectors  i>n  cat1  !<•.  st’«<s  a*. 
.*pnve,  “YCO*  weatherometer  3  Cycles  day  (l.Snr  v  «!4!i  f.  *nrr 

I. 5  hr  condensation  100.  rh  ♦  12?''F/.  Inspect  visually 


‘■e( 

■y(je  i 

Hrs  Ixpou/re 

Results 

; 

i 

1*3 

No  ob*  ervert  det 

*‘adat  ion 

i : 

L 

«  balkin' 

.  f>ne  sample 

706 

SI  Iqht  (hdHin< 

.  one  sample  only 

.  «,i-I  MIC  At  STABILITY:  Install  on  -  r  conn*-  tors  ,n  talle. 
s'.*es  as  above.  Expose  by  immersion  it  hrs.  £*a*'-inc*.  i-rerse 
*n  roo-  t**"‘t'  water  I  hr  and  eft?  f  p  r-' t  nr  500  V  ’>(  inculilt’On  resistance, 
'.■ter  {'inductor  to  bath 


Mjtenj ; 

Sulfuric  Ac  id 

Cod »un  rtydrp vide 
'odium  Chloride 
Acetic  Acid 
Sodium  Carbonate 
No. 2  Conner c ial 
fuel  Oil 
So. 2  ronnerc ia l 


'•  PW  • 

Te»r 

i  ffpi  t 

3  by  vd 

MOC  f 

none 

fl. 2  *«onsa? 

*100  f 

none 

5  by  wt 

♦  IPO'f 

none 

5-  by  wt 

♦  100  r 

none 

n.l  Normjl 

♦  1 00  'F 

none 

■ 

rorn 

severe  so f tent n «; 

jno  Swel 1 iny 

uo l  Oil  ♦  48  hr  water  soak 

I'sjI  Fes,  dies 

2  >  1C^ V i nimur 
2  >  1C1  Vfinrium 

2  x  10^miniruir 
2  »  lO^minmum 
!  t  lO^mjnimur 
1  x  10* "minimum 

5  x  10 ^minimum 


BATTERY  CABLE  CLAMP  PROTECTION 


Another  application  which  has  created  interest  in 
prestretched  tube  is  the  sealing  of  the  joint  where 
a  battery  cable  for  communi cations  supply  joins  the 
battery  post  clamp  or  lug.  This  is  a  weak  point 
where  flexing  of  the  cable  insulation  can  pull  it 
away  from  the  cast-on  lead  clamp,  causing  a  void 
where  battery  acid  mist  can  wick  in  and  accumulate. 
This  passage  opens  to  the  point  where  bare  copper 
contacts  the  lead  clamp,  and  capillary  transfer  of 
acid  is  a  frequent  cause  of  galvanic  corrosion  and 
rapid  mechanical  or  electrical  failure.  This  hid¬ 
den  location  is  practically  impossible  to  inspect 
and  difficult  to  repair. 


Figure  11.  BATTERY  CLAMP  SEALS 

A  prestretched  tube  has  been  proposed  as  an  ideal 
solution  to  the  problem,  as  shown  in  Figure  11.  Its 
continuing  shrink  force  gives  a  watertight  seal  on 
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both  the  cable  and  clamp  shank.  While  allowing  lim¬ 
ited  flexing  of  the  cable,  it  aids  in  preventing 
kinking  at  the  shank  end  and  thus  helps  prevent  in¬ 
sulation  gap  from  forming  as  well  as  restricting 
copper  strains  in  service.  The  sleeve  is  compatible 
with  silicon  and  no-ox  greases  common  in  battery 
work,  and  can  be  retrofitted  to  batteries  in  service 
with  little  risk  since  neither  heat  nor  flame  is 
needed  to  apply  it. 

The  EPDM  material  of  most  prestretched  tubes  is  su¬ 
perbly  immune  to  attack  by  sulfuric  acid  electro¬ 
lyte.  One  large  use  of  t.e  EPDM  sleeve  material  re¬ 
quires  it  to  be  employed  above,  below,  and  "at  the 
waterline"  immersed  in  electrolyte  of  30-year  life 
float  service  telephone  batteries.  It  was  qualified 
for  this  service  by  accelerated  high  temperature 
ageing  in  electrolyte,  followed  by  examination  of 
the  rubber,  and  also  IR  analysis  of  the  electrolyte 
and  potentiometric  verification  that  its  anodic  and 
cathodic  behavior  in  lead  cell  service  are  undis¬ 
turbed.  ° 


CABLE  SPLICES:  MOLDED  SLEEVE,  DOUBLE  CORES 

The  durability  and  toughness  of  the  coverage  which 
can  be  obtained  with  a  prestretched  tube  is  exempli¬ 
fied  by  medium  voltage  mine  power  cable  splice  ser¬ 
vice.  Although  this  application  is  neither  new  for 
prestretched  tube  nor  a  communications  application, 
it  demonstrates  the  service  history  which  has  been 
accumulated  for  this  type  of  product  and  points  out 
how  custom  features  can  be  developed  for  a  given 
use. 

Mine  power  cables  supply  medium  voltage  electricity 
to  loaders,  undercutting  machines,  pumps,  shovels, 
and  locomotives,  being  run  over  roads,  floors, 
ledges,  and  tracks  in  open  pit  and  deep  cuttings. 

The  cables  are  dragged  over  rough  rock  surfaces, 
and  run  over  by  heavy  vehicles,  must  be  reeled  and 
unreeled,  are  almost  always  damp  and  frequently 
immersed  in  acid  mine  waters  or  exposed  to  the  ele¬ 
ments.  In  this  service  a  Neoprene  sleeve  is  used 
for  oil  and  grease  resistance.  The  sleeve  is  a  mol¬ 
ded,  rather  than  extruded  part,  which  allows  the  de¬ 
sign  to  have  tapered  slim  ends  for  the  splice  cover 
for  snag  resistance  as  the  cable  is  dragged  or 
reeled. 

This  prestretched  tube  assembly  has  another  unusual 
feature,  a  double  pull  core.  Two  cores  are  mounted 
in  tandem  inside  the  sleeve,  each  with  its  own  pull 
tail  extending  to  one  end,  with  the  two  starting 
ends  butted  together  at  the  center,  as  shown  in  Fig¬ 
ure  12.  This  configuration  allows  the  orderly  dress 


Figure  IV.  WINE  CABLE  SPLICE  PRESTRETCH  TUBE 


of  the  core  tail,  in  spite  of  a  long,  16  inch  cover¬ 
age  of  the  cable  splice  by  the  double  tapered 
sleeve.  Each  core  need  be  pulled  only  half  that 
distance,  and  entangling  of  the  ribbon  tail  is  min¬ 
imized. 

Another  application  of  the  double  pull  is  to  a  sit¬ 
uation  in  which  a  splice  or  paired  connectors  have 
a  protrusion  or  "nose"  which  could  catch  the  pull 
of  a  core  tail,  as  shown  in  Figure  13.  With  a 
double  core,  the  pull  of  the  ribbon  tail  always 
passes  from  a  larger  to  a  smaller  diameter  and 
snagging  is  prevented. 


figure  IS.  SLEEVE  WITH  LVUFLt  PULL  .  Li  COVET.,  COWCTOF  PAIR 


SPECIAL  SLEEVE  DESIGNS 

If  a  molded  sleeve  is  used,  non-cyl indrical  parts 
such  as  transitions,  and  even  multiple  breakouts 
can  be  designed.  Figure  14  shows  a  molded  cable 
seal  especially  made  to  fit  the  crotch  area  of  a  3- 
phase  cable  with  shaped  sectors,  sealing  and  insula¬ 
ting  the  breakout  of  separate  phases  from  the  cable 
group.  The  body  is  molded,  then  the  major  diameter 
is  stretched  over  a  large  core,  and  the  three  small 
breakouts  at  the  other  end  are  stretched  over  their 
own  small  cores. 


Figure  lu.  PMMRtTiH  *  ABLE  BREAKOUT 


The  seal  is  applied  by  first  splaying  the  individu¬ 
al  cables,  slipping  the  molded  sleeve  over  the  three 
small  sectors  until  it  bottoms,  then  pulling  first 
the  large  core  and  then  the  three  small  cores. 
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PLENUM  CABLE  SHEATH  REPAIR 

A  proposed  application  would  employ  silicone  rubber 
prestretched  tubes  with  tapered  ends  to  repair  Tef- 
lontm  plenum  cable  sheath  defects.  Plenum  cable  is 
unlike  many  other  telephone  cables:  the  majority  is 
la.c1  on  a  false  ceiling  or  pulled  through  air  ducts 
with  generous  clearances,  frequently  admitting  the 
craftsman  as  well  as  the  cable.  Many  of  the  usual 
cable  pulling  problems  are  never  seen,  and  thus  it 
may  allow  a  thickened  section  at  a  repair  or  splice, 
or  even  connectors  on-run. 

The  Teflon  material  does  not  lend  itself  well  to 
economic  stripping  and  re-extrusion  if  a  sheath  de¬ 
fect  is  found.  The  Teflon  cannot  be  easily  recycled 
so  there  can  be  considerable  scrap  penalty  for  pin¬ 
holes  or  poorly  fused  sections  of  sheath. 


Figure  IS.  PLENUM  CABLE  SHEATH  REPAIR 


Figure  15  Shows  how  this  might  be  overcome:  Pre¬ 
stretched  tubes  would  be  threaded  over  the  wires 
at  the  extruder  nozzle,  at  the  beginning  of  a  sheath 
extrusion  run,  or  at  the  inspection  station  if  a 
rehabilitation  or  inspection  spooling  of  completed 
cable  is  being  performed.  During  extrusion  of 
sheath  to  specification,  the  completed  cable  passes 
through  the  cores  of  the  tubes  held  in  readiness. 

If  a  defect  is  found,  a  tube  is  collapsed  over  it. 
The  elastic  force  of  the  sleeve  forms  a  tight  grip 
on  the  Teflon  sheath,  bypassing  problems  with  adhe¬ 
sives  or  chemical  bonding  that  is  marginal  in 
effect  or  difficult  to  perform.  If  defects  are  not 
found  which  would  use  all  the  prestretched  tubes, 
the  remaining  ones  are  not  wasted:  they  can  be 
slipped  off  the  tail  end  of  the  run  and  rethreaded 
as  part  of  the  compliment  of  the  next  length. 


RECENT  DEVELOPMENTS 


Two  new  configurations  of  tube  show  pronrre  to  allow 
the  use  of  prestretched  cable  splice  and  connector 
covers  for  pressurized  seals  and  locking  of  twist 
connectors.  Both  of  these  designs  use  elastomer 
sleeves  of  conventional  design,  but  loaded  onto 
their  cores  in  a  novel  way: 


PRESSURE  RETENTION 

A  prescretched  tube  which  can  hold  pressure  is  made 
by  cuffing  each  end  of  the  rubber  sleeve  inward  when 
it  is  placed  on  its  core.  The  appearance  of  the 
finished  product  is  shown  in  Figure  16.  On  pulling 
the  core  tail,  the  entire  sleeve,  cuffs  and  all,  is 
transferred  onto  the  splice  or  connection. 


assended  Product 


iDove  inflation  oressure 


Figure  16.  CUFFED  SLEEVE  RET  ft  INS  PRESSURE 

In  use,  the  cuffed  sleeve  is  held  in  place  normally 
due  to  the  shrink  action  of  its  elastomeric  mater¬ 
ial.  But  when  the  liftoff  force  of  the  sleeve  is 
exceeded  by  an  internal  pressure  such  as  a  cable 
fill,  the  center  part  of  the  sleeve  will  expand,  and 
the  cuffs  on  the  end  will  stay  attached  to  the  ca¬ 
ble.  Increasing  pressure  inflates  the  sleeve,  but 
the  interior  cuffs  grip  the  cable  ever  more  tightly, 
sealing  like  a  tubeless  tire  onto  a  wheel  rim  or  a 
valve  leather  in  a  pump. 


to  retain  cuff  at  liftoff : 

extrusion  forces  lifting  forces  =  n  oineu  shrink  *  elastic  shrink) 
P  x  cuf*  edge  area  n  (P+Pc>  x  cuff  surface  area 
Pl7r(D»n)2/‘t-nD2/A)  ’  n  lP*Pe>  rt  LD 
P(Dl*t2)  ?  n  ID(P+Pe) 

tyDically:  D=1,0"  t=0.18"  I -2"  n=0.3  Pe= 1  Ops i 

O.bE.  '  ■-<  E..28P  ♦  62.8  :  Q.E.D. 

Figure  17.  CUFFED  PRESTRE1CHED  TUBE  FORCE  BALANCE 
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Figure  17  indicates  the  forces  involved,  an  extru¬ 
ding  force  against  the  cross  section  of  the  cuff 
tending  to  force  the  cuff  outwards,  opposed  by  the 
internal  pressure  and  its  frictional  tangential  re¬ 
sultant,  plus  the  elastic  shrink  force  of  the  cuff 
material . 

Applications  to  typical  cable  surfaces  show  excel¬ 
lent  tolerance  to  surface  roughness ,  scratches,  and 
kinks.  The  forgiveness  of  a  tubeless  tire  bead  and 
the  steel  rim  it  seals  to  are  a  good  analogy  of  the 
practical  roughnesses  the  system  tolerates  well. 

The  low  modulus  of  the  sleeve,  as  compared  with  that 
of  applied  heat  shrink  tubing,  allows  excellent  pen¬ 
etration  and  sealing  into  many  surface  irregulari¬ 
ties  and  eliminates  many  leaks  that  might  otherwise 
develop  due  to  differential  flexing  under  mechanical 
and  thermal  action.  Leaktight  seals  are  easily  ac¬ 
complished  on  ordinary  mill  finish  galvanized  steel 
water  pipe  without  special  surface  preparation  or 
adhesive  sealants. 

On  the  other  hand,  knurls,  threads,  or  deep  longitu¬ 
dinal  scratches  in  the  cuff  area  that  the  sleeve 
will  not  fill  can  be  a  source  of  leaks  if  net  closed 
with  a  sealing  filler  or  tape.  Greases  or  oils  are 
not  recommended  for  this  purpose,  since  the  pressure 
retaining  action  of  the  cuff  is  dependent  on  fric¬ 
tion  to  the  cable  sheath.  Typical  practice  speci¬ 
fies  a  2  inch  cuff  at  each  end  of  the  sleeve,  which 
translates  into  a  critical  coefficient  of  friction 
far  below  what  can  be  expc.'ted  on  most  materials, 
but  which  might  be  defeated  by  a  heavy  coat  of  good 
lubricant  applied  in  error. 

In  any  case,  the  seal  is  developed  along  a  very 
short  section  of  each  end,  and  even  if  a  good  seal 
is  not  obtained  at  one  end  of  a  cuff  or  another, 
the  balance  of  the  cuff  will  hold  the  pressure.  A 
long,  long  sealing  area  does  not  seem  to  be  needed 
to  insure  a  tight  closure,  in  contrast  to  typical 
practice  with  an  adhesively  bonded  shrink  tube. 


tube 

Fiaure  IS.  APPARATUS  CASE/REPEATER  CABLE  ENTRY 


Considerable  interest  is  being  found  in  using  a 
cuffed  sleeve  to  seal  the  entry  of  a  cable  to  a  re¬ 
peater  housing,  load  coil,  or  other  pressurized 
case,  bridging  the  gap  between  the  cable  and  the 
case  snout,  shown  in  Figure  18.  Preliminary  tests 
show  extremely  good  leak  seals  being  obtained,  and 
a  simple,  easy  to  learn  application  practically 
eliminates  the  risk  of  damage  to  cable  or  housing. 
The  system  could  also  allow  the  prestretched  tube 
to  act  as  a  mold  for  the  pour  of  a  cable  stub  block 
and  seal  to  the  case.  A  separately  poured  or  mol¬ 
ded  end' might  have  other  advantages:  If  a  stub 
is  separately  plugged  from  the  apparatus  case,  then 
inventories  of  combinations  can  be  reduced.  Leak 
prevention  of  cable  plug  and  case  to  plug  become 
separately  detectable  and  correctable.  Stubs  can 
be  inserted  to  respond  to  service  orders  in  a  short 
time,  rather  than  being  built  to  maintain  a  large 
inventory. 


TORQUE  PRESTRESS 


A  cover  to  produce  torque  prestress  is  formed  if  the 
elastic  sleeve  is  mounted  on  its  core  in  a  torqued 
condition.  When  applied,  this  tube  will  give  a 
torque  load  to  the  connector  or  joint  under  it,  just 
as  it  gives  a  continuing  shrink  force  which  provides 
an  environmental  seal.  This  torque  action  can  be 
used  to  prevent  vibration  or  thermal  loosening  of 
lock  nuts  and  rings  on  connectors,  and  prevent  the 
problems  of  unlatching  of  bayonet  and  twist-to-lock 
plugs  and  sockets.  Cable  twist  from  coilup  or  reel 
spill  has  inspired  designs  of  locks  and  seals^O  to 
insure  the  intergrity  of  these  connectors.  Figure 
19  shows  how  a  torque  prestretched  tube  satisfies 


I  vm-.  *'•  n  ccr? 


DrovUes  v., ntin-j.no  1;.;k  “tees 
F;oure  13.  Tr?.)UE  PRESSES TUBE 


both  the  unlatching  problem  and  also  seals  the  en¬ 
tire  assembly  from  cable  to  cable,  including  the 
cord  grommeting  as  well  as  the  plug/socket  inter¬ 
face. 
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CONCLUSION 


A  history  of  past  service  in  rigorous  power  cable 
uses  has  recently  been  extended  to  a  variety  of  com¬ 
munications  connectors,  splices,  and  case  entries. 
New  product  forms  and  abilities  show  promise  of 
even  broader  future  use.  The  simple  dependable  ac¬ 
tion  of  prestretched  tubes  to  seal  i.ito  cables  and 
connectors  of  many  types  makes  them  particularly 
valuable  in  a  wide  spectrum  of  environmental  situ¬ 
ations.  Recent  interest  in  CATV  and  similar  co¬ 
axial  cable  connector  protection  indicates  that  op¬ 
tical  and  other  emerging  communications  systems  may 
find  additional  matches  of  their  unique  properties 
with  exacting  system  requirements. 
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APPENDIX 

SLEEVE  STRETCH  DATA  PROGRAM  for  T I -59  Programmable  +  PC-100C: 

Program  assumes  incompressible  elastomer  sleeve  (density  aces  not 
change  with  stretch.)  XL*  and  RS  entered  as  x  t  ana  6'  represent 
Known  value  of  length  change  at  a  given  stretch  ratio  for  the 
sleeve  material,  and  ore  entered  as  aota.  RS  is  printed  out  as 
“calculations"  os  the  particular  stretch  ratio  for  the  given 
diameters  entered  as  data.  Any  consistent  units  may  be  used, 


Ibid,  &  Hus.zarik,  F.A.  "Low  Pressure  Molding 

KEY 

SYMBOL 

_  _FUNCI.IQK  _ _  _  Rnn 

Jocan 

for  Encapsulation  of  Cable  Splices"  Int'l 

Wire  &  Cable  Symp.  Proc,  1980. 

A 

ID  R 

ID  relaxed 

01 

OD  R 

OD  relaxed 

11 

D'Amato,  M.U.  U.S.Patent  4,241,969  Dec  30,  1980 

B 

T  R 

1  wall,  relaxed 

02 

Hoffman,  E.G.  U.S.Patent  4,274,692  Jun  23,  1981 

C 

L  R 

Length/  relaxed 

03 

D 

R  L 

Length  ratio  «  LS/LR 

09 

E 

DATA 

Ini t late 

A* 

ID  S 

ID  stretched 

06 

OD  S 

01)  stretched 

12 

T  S 

T  wall,  stretched 

13 
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XL* 

To  length  increase 

07 

x  I 

;  R  S 

Stretch  Ratio  LS/LR 

10 

C' 

L  S 

Length/  stretched 

08 

n* 
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Diameter  Ratio  IDS/ 1 DR 

04 
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CALC 

Lokulote 

Input  RS  known 

t 

RST 

R/S 

Fix  Digits 

00 

not  used 

06 
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Flags  on  the  data  entry  will  automatically  cue  the  proper 
calculations  for  the  data  entered.  The  program  will  alway: 
calculate  ODR,  ODS,  TS,  s  LR.  It  will  also  calculate: 


1  )  RD  S  LR: 

To  Initiate:  enter  fix  digit  and  press  RSI  R/S  or  press  E 
to  initiate  with  automatic  Fix  4. 

Prints  fix  digit  n  as  "PST  n  PLCS  DATA" 

Data:  enter  ID  R,  press  A  ID  S,  A'  T  R,  B 

LS,  C  XL*,  x _ t  R  S.  B' 

To  Calculate:  Press  E’  Prints  RD,  ODR,  RL,  LR,  ODS,  TS. 

2)  ID  S.  LS: 

To  Initiate:  as  above 

Data:  enter  ID  R,  press  A  R  D,  D'  L  R,  C 

T  R,  B  XL*, xl  R  S,  B' 

To  calculate:  Press  E'  Prints  IDS,  ODR,  RL  LS,  ODS,  TS. 
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\  Abstract 

V 

Polyurethane  adhesion  to  filled  cable 
conductor  insulation  has  been  extensively 
studied  in  our  Laboratories.  As  a  result  of 
these  investigations,  a  novel  proprietary 
resin  has  been  developed  which  has  excellent 
adhesion  to  grease  contaminated  conductor 
insulation.  Our  studies  have  also  been 
concerned  with  the  application  of  this  resin 
to  a  factory  and  field  method  for  pressure 
blocking  filled  cable.  During  the  course  of 
developing  a  filled  cable  pressure  blocking 
technique  sane  potential  sources  of  air 
leakage  were  discovered  which  appear  to  lie 
inherent  in  the  basic  cable  construction. 
These  findings  have  contributed  to  tile 
developnent  of  a  suitable  method  for 
blocking  filled  cable. 

A 


Introduction 

Plastic  insulated  cable  filled  with  a 
waterproof  compound  was  introduced  to  the 
telephone  network  in  1968  as  a  means  of 
minimizing  water  proble'ns  in  buried 
applications.  It  has  proved  to  be 
effective,  and  today  virtually  all  new 
buried  construction  uses  filled  cable. 

The  petroleum  jelly  compounds  used  Cor 
filling  cabie  have,  however,  caused  problems 
such  as  craft  objections  to  working  with 
sticky  substances,  difficult  cable  handling 
in  cold  weather  due  to  cable  stiffness  and 
increased  cable  size  and  weight.  These 
problems  have  been  resolved  to  acceptable 
levels  tlirough  design  and  material 
improvements  and  new  operating  procedures. 
However,  an  effective  method  of  pressure 
blocking  filled  cable  has  not  been 
developed,  primarily  die  to  tiie  inadequate 
adhesion  of  present  blocking  compounds  to 
grease  contaminated  conductor  insulation. 


Pressure  blocks  in  filled  cable  are 
necessary  at  transition  points  between 
pressurized  and  filled  cables,  especially 
when  pulp  insulation  is  present  because 
cable  filling  compounds  and  pulp  insulation 
are  not  compatible.  Pressure  blocks  in 
filled  cable  are  also  necessary  on  filled 
cable  stubs  between  cross  connecting 
terminals  and  pressurized  feeder  and 
distribution  cables.  The  present  cannon 
practice  for  providing  these  pressure  blocks 
is  to  install  a  short  preblocked  section  of 
air-core  plastic  insulated  cable.  This 
practice  imposes  the  economic  penalties  of 
an  additional  splice  in  addition  to  the 
inventory  costs  inherent  in  maintaining  a 
stock  of  plugged  cable  stubs  in  all 
necessary  cable  sizes. 

This  paper  describes  the  developnent  work 
that  has  been  done  to  date  in  the  search  for 
a  cost  effective  method  of  pressure  blocking 
filled  cable.  Included  in  this  effort  is 
the  developnent  of  a  unique  new  polyurethane 
compound  that  exhibits  significantly 
improved  adhesion  to  grease  contaminated 
plastic  insulation  and  application 
techniques  that  have  achieved  excellent 
pressure  blocking  performance  and  are 
adaptable  to  field  and  factory  practices. 


Pneumatic  Characteristics  of  Filled  Cables 

Laboratory  tests  have  conf irmed  that  there 
is  a  need  for  a  block  on  filled  cable  since 
air  will  eventually  leak  down  filled  cable. 
Fbr  example,  a  1200  pair,  46  meter  filled 
cable  was  placed  under  0.7  kg/cm2  air 
pressure  at  roan  temperature.  Air  leaked 
out  the  other  end  of  this  cable  after  30 
days.  The  air  displaces  the  grease,  works 
its  way  .down  the  cable  and  produces  a  core 
leak. 
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Filled  cable  also  has  another  possible  leak 
path,  between  the  conductor  and  its 
insulation.  Cable  fillers  do  increase  the 
weight  and  diameter  of  polyethylene 
insulation  on  aging. 2, 3,4, 5  ibis  swelling 
loosens  the  insulation  on  the  copper 
conductor  and  creates  an  air  gap  at  the 
conductor/insulation  interface.  Since  air 
can  enter  this  gap  at  the  cut  ends  of  wires 
in  a  splioe  or  through  pin  holes  in  the 
insulation,  this  will  often  produce  an  air 
leak  in  a  pressure  dam.  This  leak  path  is 
unavoidable.  Since  the  encapsulating 
compound  has  no  access  to  the  conductor,  it 
cannot  block  this  leak. 

In  older  to  determine  vrtiat  effect  cable 
fillers  have  on  air  leakage  between  the 
conductor  and  insulation,  19  AWG  PIC 
insulated  conductors  were  immersed  in  cable 
filler  at  70°C.  After  three  weeks,  air  flow 
was  observed  between  the  conductor  and 
insulation.  Control  samples  that  had  not 
been  immersed  in  grease  exhibited  no 
leakage.  The  consequence  of  this  leakage 
down  the  conductors  is  a  air  leakage  path 
that  is  not  a  factor  in  PIC  or  pulp  cable 
blocks. 

Further  investigation  of  this  air  path  was 
performed  fcy  making  core  blocks  on  various 
filled  cables.  These  blocks  were 
constructed  near  the  cable  ends  with  the 
blocking  compound  surrounding  the  insulated 
conductors  and  with  the  conductor  ends 
protruding  from  the  blocking  compound.  Air 
pressure  at  0.7  kg/cm2  was  than  applied  to 
the  still  exposed  cut  ends  of  the  wires. 
After  50  cycles  from  -4(PC  to  +60^  the  air 
leakage  between  the  conductors  and 
insulation  was  measured.  Initially,  short 
lengths  (2-3  m)  were  used.  Most  samples 
leaked  at  a  rate  less  than  2  cu/min.  (see 
Table  I).  One  sample,  a  400  pair,  22  AWG, 
greased  filled,  solid  insulation  cable  had  a 
very  high  leak  rate  (70  cc/min).  A  15.2  ra 
piece  of  this  same  type  of  cable  was  cycled 
and  used  to  investigate  the  leak  rate  as  a 
function  of  length.  This  cable  was  shortened 
by  one  meter  increments,  the  corresponding 
leak  rate  determined,  and  the  data  plotted 
on  semi-log  paper  (Figure  1).  The  data  fits 
the  equation:  Log  (conductor  leak  rate)  = 
2.13  -  0.080  x  (length  in  meters).  A  second 
400  pair,  24  WG,  initially  12  meters  long, 
cable  fr an  a  different  manufacturer  produced 
a  similar  equation:  log  (conductor  leak 
rate)  =  1.19  -  0.063  x  (length  in  meters). 
Both  of  these  equations  fit  the  data  with  a 
correlation  coefficient  of  0.99  and  also 
have  very  similar  slopes.  These  equations 
show  essentially  that  the  leak  rate 
decreases  rapidly  (logarithmically)  with 
conductor  length.  This  result  indicates 
that  for  long  cable  runs  there  will  be  a 
very  lew  conductor/insulation  leak  rate. 


A  second  experiment  was  performed  to 
determine  the  effect  of  splioe  connectors  on 
the  air  leakage  along  the 
conductor/insulation  interface.  The  400 
pair,  filled  cable  sample  having  the  highest 
insulation  leak  was  cut  into  three  equal 
pieces.  The  end  of  the  first  cable  section 
was  terminated  with  nodular  connectors,  the 
end  of  the  second  cable  section  was 
terminated  with  discrete  connectors  while 
the  third  cable  section  was  left  as  a 
control  with  the  cut  wire  ends  exposed. 

These  samples  were  cycled  50  times  from 
-40°C  to  +6Q°C  and  the  leak  rate  measured. 
The  data  show  that  nodular  connectors 
decreased  air  flew  ty  two  thirds  and 
discrete  connectors  reduced  it  fcy  half  in 
comparison  with  the  control.  These  results 
indicate  that  in  a  normal  splice  air  leakage 
by  this  mechanism  will  be  signif icantly 
reduced. 

In  summary,  even  though  it  has  been  shown 
that  cable  filling  compound  swells 
polyethylene  insulation  and  thereby  creates 
a  new  leakage  rath,  this  is  not  a 
significant  problem  in  blocking  filled 
cable.  The  combined  effects  of  pneumatic 
resistance  ewer  long  runs  of  cable  and  the 
restriction  by  splice  connectors  act  to 
diminish  this  leakage  rate  to  a  negligible 
value. 


Blocking  Compound  Development 

Conventional  polyurethanes  used  in  blocking 
communication  cables  are  two-part  materials, 
die  part  (the  isocyanate)  generally 
contains  a  prepolymer  consisting  of  an 
aromatic  or  aliphatic  isocyanate.  The  other 
part  (the  polyol)  can  consist  of  polyether, 
polyester,  or  polybutadiene  polyols.  Also 
there  can  be  included  in  the  formulation 
various  plasticizers,  fillers,  and 
additives.  The  two  parts  are  mixed  together 
and  injected  into  the  block  and  react  to 
form  a  thermosetting,  crosslinked 
polyurethane  resin. 

Polyurethanes  ordinarily  have  fairly  low 
adhesion  to  polyethylene  and  even  lower 
adhesion  to  grease-coated  polyethylene 
surfaces.  Hesins  formulated  with  an 
aliphatic  tydrocarbon  isocyanate  and  polyol 
have  improved  adhesion  to  polyethylene  due 
to  a  lowered  surface  tension  that  provides 
better  wetting.  However,  even  this 
formulation  technique  will  not  produce  a 
Patisf actory  level  of  adhesion  to  grease 
contaminated  conductor  insulation. 

We  discovered  that  the  inclusion  of  long 
chain  hydrocarbon ,  mono-functional  alcohols 
in  the  resin  formulation  provides  high 
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adhesion  to  filled  cable  insulation.  These 
alcohols  serve  several  purposes:  First, 
since  they  are  surfactants,  they  improve  the 
ability  of  the  polyurethane  to  wet  out 
hydrocarbon  greases  and  polyethylene. 
Secondly,  they  act  as  internal  plasticizers 
which  eliminate  the  need  for  common 
plasticizers  that  reduce  adhesion  by 
producing  weak  boundary  layers  on  the 
surface  of  the  resin.  At  the  same  time, 
since  they  are  internal  plasticizers,  they 
improve  the  compound's  physical  strength 
(toughness). 

A  resin  was  formulated  combining  these 
features  in  one  proprietary  composition.® 
This  material  has  several  physical 
properties  which  are  important  for  pressure 
blocking  filled  cable: 

1.  Low  viscosity  (900  cps  mixed)  for  good 
compound  penetration  into  the  core 
conductors. 

2.  High  adhesion  to  grease-coated 
polyethylene  insulation:  almost  an 
order  of  magnitude  greater  than 
standard  polyurethane  blocking 
compounds. 

3.  High  modulus  (175  kg/cm7)  and  high 
elongation  (250%)  for  good  resistance 
to  air  flow  and  high  toughness. 

4.  Good  hydrolytic  stability  (7  days, 
100°C,  1.8%  wt.  gain). 

5.  Good  dry  heat  aging  (21  days,  115°C, 
2.4%  wt.  loss). 

This  combination  of  properties  (adhesion, 
strength,  and  stability)  provides  a  compound 
with  superior  ability  to  block  filled  cable. 

Even  a  resin  with  very  high  adhesion  to 
filled  cable  may  not  be  able  to  contend  with 
all  of  the  grease  present  in  a  block.  In 
order  to  determine  ttie  extent  of  grease 
removal  necessary  to  achieve  a  reliable 
pressure  block  and  the  effect  of  grease  on 
the  compound  itself,  different  amounts  of 
cable  filling  material  were  dissolved  in  the 
unreacted  compound.  Then  insulated 
conductors  fran  a  filled  cable,  both 
cleaned  and  uncleaned,  were  encapsulated  to 
a  depth  of  5  cm  in  the  mixed,  contaminated 
encapsulating  resin.  The  results  of  puli 
out  tests  are  given  in  T^ble  II. 

This  compound  retains  its  high  adhesion  to 
conductor  insulation  even  in  the  presence  of 
grease  as  can  be  seen  ty  the  55  N  adhesion 
to  greasy  wires  versus  75  N  for  those 
degreased,  a  decrease  of  only  about  25%. 

Even  with  this  excellent  adhesion,  however, 
once  the  compound  contains  over  5%  grease, 
adhesion  to  conductor  insulation  drops 
quickly.  This  decrease  is  due  to  the  degree 
of  solubility  of  grease  in  the  resin  and  the 
ultimate  reduction  in  strength  and  adhesion 
of  the  resin  due  to  plasticization  by  the 


grease.  Since  grease  concentration  in 
actual  field  applications  can  easily  reach 
these  levels,  it  is  necessary  to  separate 
the  conductors  sufficiently  (as  in  a  splice) 
or  at  least  partially  to  clean  the 
conductors  of  cable  filling  compound.  Both 
of  these  methods  reduce  the  percentage  of 
grease  in  the  compound  and  thereby  improve 
adhesion. 


Filled  Cable  Studies 

Degreasing 

An  investigation  into  the  cleaning  of  filled 
cable  was  performed  to  better  understand  the 
controlling  factors.  A  Baron  and  Blakeslee 
Model  BH. 220  vapor  degreaser  with  1,1,1  - 
trichlorethane  solvent  was  used  for 
degreasing.  Grease-filled  and 
polymer-filled,  900  pair,  22  and  26  G 
cable  were  prepared  ty  removing  1.25  m  of 
sheath  and  tying  off  25  pair  group®.  After 
cleaning,  the  insulated  conductors  were 
encapsulated  to  a  depth  of  5  cm.  in  the  high 
adhesion  resin.  After  curing,  the  wires 
were  pulled  to  measure  the  degree  of 
adhesion.  Results  were  averaged  aver  all 
samples.  The  high  adhesion  compound  was 
compared  to  a  common  industry  blocking 
compound.7  For  cleaned  wires  the  high 
adhesion  compound  yielded  a  poll  out  force 
of  45  N  (with  mary  wires  breaking)  while  the 
reference  compound  yielded  a  poll  out  force 
of  only  24  N.  Therefore,  the  nigh  adhesion 
compound  offers  better  adhesion  to  both 
cleaned  and  uncleaned  filled  wire.  It  was 
also  discovered  that  adhesion  to  cleaned, 
polymer -f illed,  foam  skin  wires  (47  N)  was 
better  than  for  cleaned,  grease-filled, 
solid  insulation  wires  (36  N).  Waiting  one 
hour  or  24  tours  after  degreasing  had  no 
eEfect  on  adhesion.  Apparently,  degreasing 
solvents  are  either  not  absorbed  by  the 
insulation  or  have  no  detrimental  affect  on 
adhesion.  As  might  be  expected,  it  took 
longer  to  completely  degrease  22  WG  than  26 
AWG  cables  (17  min.  vs.  10.5  min.).  Also, 
polymer-filled  cable  took  somewhat  longer  to 
clean  than  grease-filled  cable  (15  min.  vs. 
12.5  min.).  In  summary,  vapor  degreasing  is 
a  quick  and  effective  method  of  cleaning 
filled  cable  which  removes  the  bulk  of  the 
filler  and  pr emotes  adhesion  to  the 
insulated  conductors. 


Kit  Studies 

Using  the  information  that  was  compiled 
during  the  laboratory  studies  a  method  was 
devised  for  blocking  filled  cable.  All 
samples  were  tested  by  cycling  50  times  from 
-40°C  to  +60°C  under  0.7  kg/cm^  air 
pressure.  Hie  initial  design  (Figure  2) 
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consisted  of  simple  poured  blocks,  installed 
on  the  ends  of  several  400  and  900  pair 
vapor  degreased  cables.  It  was  learned  that 
poured  blocks  having  less  than  20  cm.  of 
conductor  coverage  failed  upon  cycling  while 
blocks  with  30  an.  or  more  of  coverage 
usually  held.  This  is  expected,  since  on 
vapor  degreased  900  pair  cable,  grease 
extends  out  5-10  an.  from  the  sheath 
opening.  This  grease  cannot  be  removed  by 
vapor  degreasing,  since  it  continues  to  flow 
out  the  cable  as  it  is  cleaned.  Therefore, 
actual  clean  conductor  coverage  is  reduced 
ty  this  length  so  that  a  longer,  initially 
cleaned  conductor  length  is  necessary  to 
effect  a  successful  block. 

Additional  blocking  studies  suggested  that 
pressure  on  the  resin  during  injection  and 
curing  might  be  beneficial  in  making  a  plug. 
In  air  core  PIC  or  pulp  cable,  pressure 
helps  to  force  the  resin  down  the  cable.  In 
filled  cable,  however,  this  is  not  possible. 
To  determine  whether  pressure  affects 
blocking  performance,  uncleaned  and  vapor 
degreased  cables  were  encapsulated  with  the 
high  adhesion  compound.  Samples  were 
pressurized  at  atmospheric  pressure,  and 
1.0  kg/an2,  2  kg/cm2,  and  4  kg/cm2  above 
atmospheric  pressure  while  the  resin  cured. 
The  results  demonstrate  that  for  both 
cleaned  and  uncleaned  wires,  pressure  was 
beneficial  although  pressures  above  1  kg/an2 
increased  the  benefit  only  slightly.  As  a 
result  of  these  findings,  several  blocks 
were  constructed  by  applying  pressure 
according  to  the  methods  diagramed  in 
Figure  3. 

The  first  sanple  was  a  remake  of  the  design 
shown  in  Figure  2  but  with  a  pressure  boot 
over  the  end.  This  al lowed  the  application 
of  1  kg/an2  air  pressure  while  the  resin 
cured.  After  cycling  this  sample  leaked 
rather  badly  (56  an2/min).  The  failure  mode 
of  this  saitple  appeared  to  be  along  the 
inside  of  the  closure.  This  design  will  be 
investigated  further.  The  second  design 
(Figure  3  (A))  utilized  an  open  sheath 
blocking  kit  with  an  end  seal  at  the  splice 
end.  A  tube  was  used  to  connect  to  the 
splice  case.  After  cycling,  this  sample 
performed  well  by  exhibiting  only  a 
1  cm^/min.  leak.  The  most  recent  design 
evaluated  is  diagramned  in  Figure  3  (B).  In 
this  design  the  compound  is  wrapped  in  a 
sheath  of  plastic  and  overwrapped  with  vinyl 
and  rubber  tape.  The  tape  provides 
constricting  pressure  as  well  as  serves  as 
an  outer  sheath.  This  method  may  be  craft 
sensitive,  however  it  has  worked  very  well. 
So  far,  three  samples  have  been  cycled  and 
all  three  had  less  than  1  an2/min.  air  leak. 


The  development  of  a  new  polyurethane 
compound  having  high  adhesion  to  filled 
cable  conductor  insulation  has  provided  the 
ability  to  block  filled  cables.  An  air  leak 
path  between  the  conductor  and  insulation 
was  discovered  but  has  been  found  to  be 
negligible  in  practical,  long  run 
situations.  Vapor  degreasing  was  studied 
and  identified  as  a  very  effective  cleaning 
method.  Finally,  methods  were  developed  to 
block  filled  cable,  samples  of  which  have 
successfully  gone  through  temperature 
cycling.  These  samples  have  core  leaks  below 
presently  acceptable  industry  standards  for 
air  core  PIC  cable. 
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Table  I 


Grease  in  Resin 


rc  of  Total  Weight 


20%  Modulus 


175  kg/cm^ 
135  kg/cm2 

100  kg /cm2 

65  kg/em^ 


Pullout  Force  of  22AWG  Wires 


line 1 eaned 


International  Wire  &  Cable  Symposium  Proceedings  1982 


J 


SPLICE 

CASE 


Richard  J.  Pokorny  graduated  from  the 
University  of  Minnesota  with  a  BS  Chem 
degree  in  1976.  He  joined  3M's  analyti¬ 
cal  group  and  in  1978  transferred  to 
Tel  Comm  Products  Division.  Since  that 
time  he  has  worked  on  encapsulating 
resins  and  coatings. 


George  if.  Frost  graduated  from  the 
University  of  Wisconsin  in  1973  with 
a  BS  Chem  degree.  He  came  to  3M ' s 
Traffic  Control  Products  Division 
and  worked  on  reflective  sheeting 
and  pavement  Markings.  In  1982  he 
joined  Tel  Comm  Products  Division  and 
has  been  working  on  packaging  film 
development  and  blocking  cables. 


264  International  Wire  &  Cable  Symposium  Proceedings  1982 


SHIELD  BONDING  TERMINAL  FOR  BURIED  SERVICE  WIRE 


by 


David  Lane 
Bob  Young 
AMP  Incorporated 
Winston-Salem,  NC 


j  Abstract 

The  rapid  growth  of  buried  service  wire  use  in  the 
telecommunications  industry  has  increased  the  demand  for  a 
reliable,  low  cost  means  for  splicing  new  or  damaged  buried 
service  wire.  Splicing  kits  of  various  types  for  this  purpose 
have  been  available  for  several  years.  Each  type  has  been 
subject  to  varying  degrees  of  craftsperson  sensitivity  at  in¬ 
stallation  and  reliable  long  term  performance  of  the  shield 
interface. 

For  the  most  part,  until  recently  the  shield  bonding 
devices  consisted  of  either  a  split  bolt  and  nut  arrangement  or 
a  screw  secured  clamping  arrangement.  Neither  of  these 
devices  provided  a  satisfactory  follow-up  feature  to  compen¬ 
sate  for  long  term  creep  of  the  plastic  components  within  the 
cable. 

This  paper  describes  a  unique  stored  energy  clamping 
device  which  provides  long  term  creep  compensation  The 
device  consists  of  two  identical  U-shaped  spring  steel  pieces 
which  fit  and  latch  together  hermaphroditically  to  apply  and 
maintain  spring  force  at  four  points  for  large  area  shield  to 
shield  interface.  This  shield  bonding  device  is  easily  manufac¬ 
tured  at  low  cost,  can  be  installed  without  tools,  is  independent 
of  craftsperson  sensitivity,  and  will  accommodate  the  range  of 
wire  sizes  most  commonly  used.^ 

The  initial  and  primary  purpose  for  the  development  of 
this  Shield  Bonding  Terminal  was  for  use  in  the  new  buried 
service  wire  splice  kit  now  in  production.  Subsequent  testing 
of  the  Terminal  indicated  that  it  has  significant  additional 
potential  for  terminating  the  shield  with  either  solid  or  braided 
copper  grounding  conductors. 


Introduction 


Widespread  use  of  buried  service  wiring  in  the  telephone 
industry  in  recent  years  has  brought  about  a  much  higher  de¬ 
mand  for  splicing  apparatus.  Splices  are  used  in  initial  con¬ 
struction  as  well  as  in  repairing  damaged  cables.  A  variety  of 
commercial  splices  have  been  available  for  this  purpose.  Most 
of  the  available  types  had  at  least  one  undesirable  charac¬ 
teristic  such  as  poor  long  term  shield  bonding  reliability,  sen¬ 
sitivity  to  craftsperson  technique,  and/or  containing  a  two-part 
encapsulation  sealant  which  is  messy  and  difficult  to  properly 
apply 

A  study  of  the  various  buried  service  splice  problem 
areas  revealed  that  the  greatest  need  was  for  a  low  cost,  easily 
applied  cable  shield  bonding  terminal  with  long  term 
reliability.  This  study  resulted  in  the  development  of  a  splice 
that  meets  this  need  and  various  other  needs  of  the  industry. 


The  new  splice  is  less  dependent  on  craft  skill,  has  self- 
contained  one-part  sealant,  and  provide  long  term,  large  inter¬ 
face  area  cable  shield  bonding  capability. 

In  most  of  the  previous  splices,  shield  bonding  was  ac¬ 
complished  by  means  of  a  split  bolt  and  nut  or  other  screw 
secured  clamping  arrangement.  Such  screw  secured  devices 
depended  upon  the  craftsperson's  feel  for  tightness  and 
provided  little  or  no  follow-up  feature  to  compensate  for  long 
term  effects  of  temperature  changes  and  creep  of  plastic  com¬ 
ponents  within  the  cable. 

The  new  Bonding  Terminal  described  in  this  paper  is  a 
unique  stored  energy  clamping  device.  It  is  easily  manufac¬ 
tured  at  low  cost,  can  be  installed  without  tools,  and  will  ac¬ 
commodate  the  range  of  wire  sizes  most  commonly  used,  in¬ 
cluding  Bell  5-pair  cable.  Subsequent  testing  of  this  terminal 
revealed  that  it  has  significant  additional  potential  for  other 
termination  applications. 

Design  Objectives 

The  initial  goal  was  to  design  a  radically  new  shield 
bonding  terminal  with  the  following  parameters: 

•  One  size  to  fit  all  commonly  used  cable  sizes. 

•  Stored  energy  clamping  to  compensate  for  long  term 
plastic  creep. 

•  Positive  grip  to  provide  good  strain  relief. 

•  Easy  to  install  without  tools. 

•  Low  cost. 

Terminal  Description 

During  development,  several  methods  for  engaging  and 
latching  the  2  piece  Terminal  were  evaluated.  The  terminal 
concept  in  its  final  form  is  unique  in  its  simplicity  (Figure  1) 
and  ease  of  application.  It  consists  of  two  identical  U-shaped 


Figure  1  Clamp. 
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spring  steel  clips  which  fit  and  latch  together  hermaphroditi- 
cally  (Figure  21  to  apply  spring  force  at  four  points  on  the  cable 
shields  (Figure  3) 


Figure  2.  2  Mated  clamps 


Figure  3  Mated  clamps  on  end  of  cable 

The  Terminal  clips  are  stamped  and  formed  in  a 
progressive  die  from  SAE  number  1050  carbon  steel  strip. 
Figure  4  shows  a  progfession  sample  in  which  can  be  seen  the 
stamping  and  forming  sequence  and  connecting  carrier  strip 
The  clips  are  heat  treated  by  Austempering  to  Flockwell  C 
hardness  of  45-48  for  the  desired  spring  property.  The  clips 
are  then  zinc  plated  followed  by  a  chromate  conversion  for 
long  term  corrosion  protection. 


The  clips  can  be  applied  without  tools  This  is  accom¬ 
plished  by  engaging  the  legs  as  shown  in  Figure  2  inserting 
the  cable  ends,  and  compressing  the  two  clips  together  until 
the  latches  engage  in  the  closed  position  as  shown  in  Figure  3 
Other  than  checking  for  4-point  latching,  the  craftsperson  has 
to  make  no  other  determination  for  proper  tensioning.  The 
Terminal  can  be  easily  removed  by  unlatching  with  a  small  or 
medium  size  screw  driver  or  similar  tool. 

The  primary  (unction  of  the  Terminal  is  to  apply  high 
spring  force  to  a  large  shield  interface  area  The  primary 
electrical  contact  is  the  direct  shield  to  shield  interface.  The 
terminal  clips  themselves  provide  a  secondary  electrical  path. 

The  clips  apply  the  contact  force  through  two  canti¬ 
levered  tongues  on  each  clip  When  two  mated  clips  are  com¬ 
pressed  and  latched  onto  the  prepared  cable  ends  (Figure  3), 
the  directly  opposed  pairs  ot  tongues  contact  the  exposed 
shields  and  are  deflected  Such  deflection  plus  slight  addi¬ 
tional  deflection  of  the  clip  body  provide  the  stored  energy  to 
compensate  for  creep  of  the  plastic  components  within  the 
cable  This  stored  energy  is  adequate  to  insure  the  desired 
long  term  integrity  of  the  shield  bond.  In  addition,  the  Terminal 
provides  positive  strain  relief  for  the  cable  splice. 

Testing 

Numerous  tests  were  performed  to  determine  the  long 
term  reliability  and  capability  of  the  terminal  as  a  bonding 
device  Two  of  the  most  significant  tests  and  their  results  and 
two  less  significant  tests  are  described  here. 

Current  Carrying  Capability 

This  test  consisted  of  the  application  of  DC  current 
through  the  shield  interface  and  measuring  the  temperature 
rise  at  the  approximate  center  of  the  interface  and  on  the 
shield  away  from  the  interface.  The  temperature  was 
measured  and  recorded  at  both  points  at  5  second  intervals 
throughout  the  test  period.  Figure  5  shows  the  testing 
arrangement. 

The  following  two  types  of  shields  were  tested: 

1  Corrugated.  5  mil  bronze  shielded.  2  pair.  22  AWG 
cable; 

2  Smooth,  copolymer-coated  8  mil  aluminum  shielded. 
2  pair.  24  AWG  cable. 


|  DIGITAL 
TEMPERATURE 
1  INDICATOR 


OIGITAL 

TEMPERATURE 
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r  f  -  1 
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POWER  -R 
SUPPLY 

r  ;  M 


THERMOCOUPLE 
ON  SHIELD 


THERMOCOUPLE 
BETWEEN  SHIELOS  AT 
CENTER  OF  INTERFACE 


Figure  4  Stamping  progression 


Figure  5.  Test  arrangement. 
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The  testing  curren.  and  time  periods  were  as  follows:  T-RtSE  IN  SHIELD  A  SHIELD  BOND  INTERFACE 

ALUMINUM  SAMPLES  AT  EO.  IOC  ISO  AMPS 


Test  No. 

Current  (amp) 

Period  (sec.) 

TEMPERATURE  (F) 

«>o  r  -  -  -  . .  1 

SHIELD 

1 

50 

60 

Bronze  shield 

2 

100 

60 

400  - 

3 

200 

30 

INTERFACE  ( 

1 

50 

60 

”  ~  300  • 

Aluminum  shield 

2 

100 

30 

-  1M AMPS 

3 

150 

30 

200 

Test  Results 

^  _  •  TOO  AMPS 

'  '  50 

100  _ .  .  -  AMPS 

Maximum  temperature  rise,  “F 

*’■ - — 

Test  No. 

On  Shield 

In  Interface 

0  ! - * - 1 - 1 - L  1  -J - A  ■-» 

0  10  20  30  40  SO  60 

1 

40.0° 

23.4“ 

TIME  (SECONDS) 

Bronze  shield 

2 

147.7“ 

79.6“ 

Figure  7.  Temperature  rise  for  aluminum  shield. 

3 

369.7° 

153.6“ 

1  25.5°  35.2“ 

Aluminum  shield  2  68.0°  100.9“ 

3  157.5“  190.5° 

See  Table  1  and  Figures  6  and  7  for  the  recorded  data  and 
data  plots. 

T-RISE  IN  SHIELD  &  SHIELD  BOND  INTERFACE 


BRONZE  SAMPLES  AT  SO.  ICO.  200  AMPS 
TEMPERATURE  (P) 


0  I _ . _ I - . - 1 - * - 1 _ * _ I _ L _ 1 _ 4 _ I 

0  10  20  M  *0  SO  SO 


TIME  (SECONDS) 

Figure  6.  Temperature  rise  for  bronze  shield. 


For  the  bronze  shield,  a  comparison  of  the  temperature 
rise  on  the  shield  and  within  the  interface  indicates  that,  for 
shields  of  this  material,  the  shield  interface  has  a  greater 
current  carrying  capability  than  the  shield  itself.  This  Is  ap¬ 
parently  the  result  of  the  large  area  of  direct  contact  between 
the  shields  combined  with  the  heat  sinking  provided  by  the 
clamp. 

A  comparison  of  the  data  for  the  aluminum  shield  shows 
that  the  temperature  rise  in  the  Interface  was  some  That 
greater  than  on  the  shield  for  the  current  levels  and  periods 
used  in  the  tests.  It  Is  apparent  from  a  closer  study  of  the  data 
that  extrapolation  indicates  that  for  longer  periods  the  tem¬ 
perature  difference  at  the  interface  and  on  the  shield  would 
remain  approximately  constant. 

The  difference  between  the  performance  of  the  bronze 
and  aluminum  shield  bonds  appear  to  be  the  result  of  incom¬ 


plete  removal  of  the  copolymer  material  from  the  aluminum 
shield  in  the  bonding  area 

There  was  evidence  of  deterioration  of  the  cable  insula¬ 
tion  during  the  higher  temperature  portions  of  the  tests.  The 
high  shield  temperature  caused  significant  smoking,  melting, 
and/or  shrinking  of  the  insulation.  The  shield  bond  remained 
intact  and  exhibited  no  evidence  of  deterioration  throughout 
all  tests. 

Results  of  this  testing  indicate  that  the  clamping  device 
will  maintain  a  secure  bond  during  periods  of  high  current 
exposure. 

Large  Conductor  Splice  Performance 

Testing  was  done  to  determine  the  capability  of  the  ter¬ 
minal  for  use  as  a  clamp  for  splicing  number  6  AWG  solid  cop¬ 
per  grounding  conductors.  This  test  consisted  of  subjecting 
spliced  conductors  to  a  constant  current  of  1000  amps  (DC) 
for  20  seconds  or  until  failure  occurred.  Figure  8  shows  a 
splice  prepared  for  testing. 

In  all  samples  tested  the  splice  remained  intact 
throughout  the  test  period,  and  in  each  case  the  conductor 
failed  within  1 5  to  20  seconds,  by  melting  and  parting  at  one  or 
more  points  away  from  the  splice.  Figure  9  is  a  photograph  of 
a  typical  sample  after  testing.  No  damage  to  the  terminal  clips 
was  apparent  in  any  of  the  tested  splices.  The  results  indicate 
that  the  heat  sinking  characteristics  of  the  terminal  provided 
efficient  cooling  and  protection  of  the  splice  integrity. 


Figure  8.  AWG  #6  splice. 
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Figure  9.  Tested  sample  of  AWG  #6  splice. 


Other  Testing 

Tensile  testing  was  performed  to  determine  the  pull  force 
the  splice  would  withstand  before  damage  to  the  cable  oc¬ 
curred  Bronze  shielded  2  pair  cable  was  used  in  this  testing.  It 
consisted  of  the  application  of  a  pull-out  force  of  either  one 
cable  end  or  both  cable  ends  with  the  splice  housing 
restrained  in  a  fixed  position.  The  single  cable  ends  withstood 
a  force  of  55  to  65  pounds  before  damage  occurred.  When 
both  cable  ends  were  pulled,  a  force  of  85  to  95  pounds  was 
required  to  cause  damage. 

Measurements  of  the  connection  resistance  of  the  shield 
interface  were  made  to  evaluate  the  detrimental  effect  of  en¬ 
vironmental  conditions.  Completed  splices  were  subjected  to 
environmental  tests  such  as  thermal  cycling,  thermal  cycling 
in  high  relative  humidity,  and  water  immersion.  Comparison  of 
connection  measurements  made  before  these  tests  with  those 
made  after  the  tests  provided  an  indication  of  the  degree  of 
deterioration  of  the  shield  bond.  The  initial  resistance 
measurements  through  the  splice  assembly  averaged  5  7 
milliohms  with  a  range  of  5.6  to  5.8  milliohms.  After  the  en¬ 
vironmental  testing  the  resistance  measurements  average  5.9 
milliohms  with  a  range  of  5.6  to  6.3  milliohms.  A  comparison  of 
these  before  and  after  readings  shows  that  the  average 
resistance  change  was  only  .2  milliohms  and  a  maximum 
change  of  .7  milliohms. 

Applications 

The  Shield  Bonding  Terminal  was  designed  and 
developed  for  use  in  the  buried  service  wire  splice  for  the 
telecommunications  industry  The  terminal  concept  has 
received  considerable  attention  because  of  its  simplicity,  per¬ 
formance,  ease  of  application,  and  low  cost.  Evaluation  tests 
have  proven  that  it  will  effectively  and  reliably  perform  not  only 
its  intended  function  but  also  perform  other  functions  as  well. 

Examples  of  other  applications  for  this  terminal  are  as 
follows: 

Figure  8  shows  the  terminal  used  for  splicing  number  6 
AWG  solid  copper  grounding  conductors. 

Figure  10  shows  a  method  for  branching  or  tapping  num¬ 
ber  6  AWG  conductors. 


Figure  10.  Branching  or  tapping  AWG  #6  conductor. 


Figure  11.  AWG  ff6  conductor  bonded  to  shield. 


Figure  11  shows  an  application  in  which  the  terminal  is 
used  to  bond  a  cable  shield  to  a  number  6  AWG  solid 
conductor. 


Figure  12.  Braided  GRD  conductor  bonded  to  shield. 


Figure  12  shows  that  the  terminal  can  be  used  to  bond  a 
cable  shield  to  a  braided  grounding  conductor. 
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table  1 .  High  Currant  Taat  Measurement* 
Temperature  Rise  Data  Summary 


BRONZE 


Shield 


Interface 


Current  = 

50 

100 

200 

50 

100 

200 

Amps 

Amps 

Amps 

Amps 

Amps 

Amps 

Seconds  =  0 

80.0 

80.3 

80.3 

78.2 

77.3 

77.5 

5 

87.3 

104.0 

176.5 

83.8 

92.4 

111.1 

10 

91.0 

119.3 

241.5 

85.7 

99.3 

135.7 

15 

95.3 

137.0 

291.0 

87.4 

105.3 

158.3 

20 

98.0 

150.3 

337.5 

88.9 

111.8 

182.0 

25 

101.5 

163.0 

389.5 

90.5 

117.3 

206.9 

30 

104.3 

174.5 

450.0 

92.1 

123.2 

231.1 

35 

107.0 

185.0 

— 

93.8 

128.8 

— 

40 

110.0 

195.3 

— 

95.2 

134.4 

— 

45 

113.0 

206.0 

— 

96.9 

140.2 

— 

50 

115.5 

213.8 

— 

98.5 

145.7 

— 

55 

117.5 

222.0 

— 

98.0 

151.5 

— 

60 

120.8 

228.0 

— 

101.6 

156.9 

— 

ALUMINUM 

Current  = 

50 

100 

150 

50 

100 

150 

Amps 

Amps 

Amps 

Amps 

Amps 

Amps 

Seconds  =  0 

808 

79.5 

80.0 

77.9 

77.9 

77.9 

5 

86.3 

101.5 

123.5 

85.1 

115.1 

154.4 

10 

89.5 

113.4 

150.0 

90.7 

131.4 

179.3 

15 

91.5 

123.3 

175.0 

93.4 

143.4 

203.0 

20 

93.3 

132.0 

197.0 

97.0 

155.7 

224.8 

25 

95.5 

140.0 

214.5 

99.8 

165.4 

246.4 

30 

96.5 

147.5 

2375 

102.4 

1788 

268.4 

35 

98.5 

_ 

— 

104.4 

— 

— 

40 

100.5 

— 

— 

106.3 

— 

— 

45 

102.0 

— 

— 

107.9 

— 

— 

50 

103.5 

— 

— 

109.7 

— 

— 

55 

104.8 

— 

— 

111.5 

— 

— 

60 

106.3 

— 

— 

113.1 

— 

— 

Temperature  given  in  degrees  Fahrenheit. 
Table  1  High  current  test  measurements. 
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OUTDOOR  CONNECTOR  WITH  ADVANCED  WEATHER  RESISTANCE 


M,  Meyerstein 


Bell  Northern  Research,  Ottawa,  Canada 


Abstract 


A  persistent  problem  for  telephone  operating 
companies  has  been  low  insulation  resistance  and 
noisy  circuits  in  outdoor  cross-connect  terminals. 
This  is  due  to  impurities  in  condensed  moisture 
which  forms  conductive  bridges  between  nearby 
electrical  contacts.  In  fact,  a  performance 
monitoring  program  of  connectors  in  the  outdoor 
environment  showed  that  in  periods  of  high 
humidity,  100  per  cent  of  the  contacts  in  a 
25-pair  connector  can  become  noisy.  So  when, 
in  1979,  a  new  connector  system  was  introduced 
for  in-building  cross-connect ing,  special 
features  were  incorporated  into  the  connector 
design  with  a  view  to  outdoor  operation.  This 
paper  describes  these  features  and  additional 
techniques  which  include  filling  the  connect'  r 
with  a  resilient  gel,  housing  it  in  a  moisture- 
shedding  retainer  and  using  a  hydrophobic  com¬ 
pound  which  is  extruded  over  the  cable?  wire  ends. 
Reliability  testing  shows  that  the  use  of  these 
features  has  produced  an  outdoor  cross-connect 
system  with  except ionally  good  weather  resistance. 


Introduction 


Feeder 

C»bJ« 
From  C  O. 


Distribut ion 

Cabl«  To 
Residential  Units 


Figure  1 
Schematic  v’iew  of  an  Outdoor 


The  Outdoor  Cross-connect  Inter" 

Telephone  signals  are  carried  from  central  offices 
on  cables  (feeder  cables)  which  usually  have  a 
large  pair-count.  At  some  point  in  the  loop,  they 
are  connected  to  smaller  cables  (distribut ion 
cables)  which  serve  individual  areas  within  a 
community.  In  the  past,  the  cables  were  connected 
together  using  permanent  cable  splices.  In  recent 
years  however,  due  to  increa:  ing  urban  development 
and  population  mobility,  the  need  has  arisen  for 
a  system  which  facilitates  frequent  changes  to 
the  cross-connection  arrangements.  This  has 
resulted  in  the  introduction  of  the  outdoor  cross- 
connect  interface,  frequently  referred  to  as  the 
serving  area  interface  (SAI)  or  jumper  wire 
Interface  (JWI) . 


As  shown  in  Figure  1,  the  feeder  cables  from  the 
central  office  are  terminated  onto  25-pair 
connector  blocks.  Distribution  cables  are  ter¬ 
minated  onto  a  separate  bank  or  connect  >rs,  and  the 
two  are  cross-connected  by  running  removeable 
jumper  wires  between  connectors.  In  this  manner, 
spare  distribution  pairs  can  be  provided  for  future 
use,  but  costly  feeder  pairs  can  be  allocated  as 
and  when  required. 

Existing  Products 

Typical  cross-connect  terminals  for  S  A  I  '  s  fall 
into  two  categories;  binding  post  and  quick-clip. 

On  a  binding  post  connector,  wires  are  connected 
to  threaded  posts  by  screw  terminals.  The  wires 
must  be  stripped  before  connection  can  be  made.  In 
a  quick-clip  connector,  special  contact  elements 
(Insulation  Displacement  Contacts)  cut  through  the 
insulation  and  make  contact  with  the  conductors. 
Whilst  both  t'pes  have  been  on  the  market  for  some 
years,  the  latter  is  more  compact  and  simpler  to 
use  than  the  former  and  is  a  more  recent  develop¬ 
ment  . 
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Prob Lems  wit h  Outdoor  Cross -Co nnect it  ms 
The  Mi  j or  S« hi  n  o  of  Trouble 

Many  telephone  companies  have  experienced  persistent 
problems  concerning  the  reliability  of  outdoor 
connectors,  and  in  1978  Bell-Northern  Research1 
undertook  a  program  of  connector  performance 
monitoring  in  the  field  to  determine  the  causes. 

The  main  source  of  trouble  was  found  to  be  low 
insulation  resistance  (I0*)  between  adjacent  con¬ 
tacts  on  the  connectors. 

It  has  been  determined  that  if  the  insulation 
resistance  between  tip  and  ring  can  be  maintained 
above  100  megohms,  then  good  telephone  transmission 
is  possible.  If  the  I  R  falls  to  1  megohm  then 
the  user  will  hear  noise  on  the  line  and  at  0.1 
megohms  or  less,  the  line  is  unacceptably  noisy, 
or  even  unserviceable.  In  an  outdoor  cross-connect 
interface  this  problem  is  caused  by  water  which 
condenses  onto  the  connectors.  This  water,  containing 
dissolved  impurities  from  the  air  and  the  surface 
of  the  connector,  forms  a  conductive  bridge  which 
reduces  the  l  R  between  adjacent  terminals.  The 
extent  of  the  problem  is  influenced  bv  the  location 
of  the  installation,  the  environment  inside  the 
interface  and,  of  course  by  the  design  of  the 
connectors  and  the  enclosure. 

The  Frequency  of  Trouble 

The  connector  performance  monitoring  program 
included  measurements  of  the  frequency  of 
occurrence  of  noise  in  various  types  of  cross- 
connect  interface  from  1978  until  1981.  Figure  2 
shows  the  results  for  ground-mounted  installations 
of  standard  design  located  in  Ottawa. 


Percentage  of  Noisy  Terminals 

Type  of 
Connector 

Sample 

Size  (Pairs) 

May 

1979 

June 

1979 

July 

1979 

Aug. 

1979 

Sept. 

1979 

Quick  dtp 

25 

68 

84 

0 

64 

0 

Binding  post 

24 

29 

50 

0 

12 

0 

Figure  2  (source,  reference  2) 
Percentage  of  Terminals  Noisy  for  More  than 
15  Minutes,  May  to  August  1979 


As  can  be  seen,  a  verv  large  percentage  of 
terminals,  both  binding  post  and  quick -clip, 
became  noisy  at  some  time  during  the  period  shown 
in  Figure  2.  A  noisy  terminal  is  designated  at 
one  whose  I  R  value  falls  below  100  megohms,  as 
is  explained  above. 

Figure  3,  showing  the  accumulated  hours  of  noise 
in  three  months  on  one  25-pair  quick-rJ  ip  connector 
and  one  2'#-pair  binding  post  connector,  Jemnnsi rates 
the  severity  ot  this  problem.  Tin*  impact  on  the 
opera! ing  company,  dm?  to  a  large  number  of  trouble 
calls  from  customers,  would  be  highly  significant 
during  such  periods. 


Duration  of  Noisy  Circuits,  hours 


Connector 

July 

Aug. 

Sept. 

Type 

1980 

1980 

1980 

Binding  Post 

24  Pairs 

2 

2 

12 

Quick-clip 

25  Pairs 

25 

25 

0 

F i gure 

j 

Hours  of 

Noisy 

Circuits, 

,  dill v  to 

September 

1980, 

Location:  Ottawa 

The  Need  for 

a  New 

Approach 

The  conclusion  reached  was  that  the  cabinets 
could  not  be  expected  to  provide  internal  hum¬ 
idity  control  which  was  better  than  ambient.  In 
fact  it  was  frequently  observed  that  environmen¬ 
tal  conditions  caused  perfectly  sealed  cabinets 
to  have  an  internal  environment  which  was  worse 
than  vented  cabinets. 

This  situation  is  exacerbated  by  small  quanti¬ 
ties  of  precipitation  which  enter  the  cabinets 
when  the  doors  are  opened,  and  then  become  sealed 
in  when  the  doors  are  closed  again. 

The  solution  to  the  problem  of  noisy  circuits 
caused  by  the  situation  described  above  i >  to 
build  into  the  connectors  themselves  enough  pro¬ 
tection  against  condensation  such  that  they 
would  not  be  affected  by  such  conditions  as  may 
prevail  inside  the  cabinet.  The  cabinet  would 
then  be  relied  upon  to  provide  physical  protec¬ 
tion  and  to  shield  the  contents  against  rain  and 
snow,  etc. 
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It  became  obvious,  therefore,  that  a  connector 
system  with  a  better  resistance  to  condensed 
moisture  would  be  a  useful  innovation  in  the  field 
of  Outside  Plant. 


The  Solution:  A  New  Connector 
Designed  for  a  High  I  R 

In  1979  a  new  25-pair  connector  was  Introduced3 
for  use  on  indoor  cross-connect  instal l at  ions. 
Although  It  was  initially  used  indoors,  the 
requirements  for  future  outdoor  applications  were 
taken  into  account  by  designing  the  connector  to 
have  an  inherently  high  IK  in  an  adverse 
environment . 


%0  1 


V. 


Exploded  View  of  25-pair  Connector 


Figure  4  shows  some  of  the  features  which  were 
designed  into  the  connector.  Firstly,  the  contact 
elements  are  separated  by  the  plastic  centre 
moulding;  all  of  the  upper  contacts  are  tips  and 
all  of  the  lower  contacts  are  rings.  The 
connector  is  also  designed  to  have  a  "quiet  frc  it" 
wli^ch  has  the  advantage  that  there  is  no  direct 
path  between  contacts  across  the  surface  of  the 
connector.  Lastly,  each  contact  is  separated  from 
its  neighbours  by  internal  plastic  ridges,  ultra- 
sonically  welded  to  the  opposite  face  of  the 
connector.  This  configuration  forms  pockets  in 
which  the  contacts  are  contained.  All  of  these 
features  act  in  concert  to  greatly  lengthen  the 
path  which  moisture  must  take  in  order  to  bridge 
between  contacts,  thus  increasing  the  1R  in  a 
condensing  atmosphere. 


With  this  approach,  therefore,  action  was  taken 
at  the  design  stage  to  combat  the  problem  of 
noisy  lines  in  outdoor  cross-connect  interfaces. 


Enhanced  Environmental  Protection 


In  addition  to  designing  the  plastic  body  of  the 
connector  in  the  most  effective  manner,  several 
additional  features  have  been  incorporated  in 
order  to  further  enhance  its  environmental 
protection,  thus  producing  a  connector  system 
specifically  intended  for  outdoor  use. 

Internal  Protection:  In  order  to  prevent 
moisture  from  entering  the  connector  or  from 
reaching  the  contact  interfaces,  the  connector  is 
filled  with  a  resilient,  conformal  gel. 


Figure  5 

External  View  of  Outdoor  Connector 

The  gel  is  injected  (by  the  manufacturer)  into 
each  of  the  50  contact  pockets. 

This  ensures  that  each  contact  is  completely 
encapsulated  by  the  gel.  The  gel  was  chosen  with 
several  requirements  in  mind,  including  the 
resistance  to  thermal  degradation,  its  chemical 
inertness,  its  high  dielectric  strength,  its 
hydrophobic  nature  which  causes  moisture  to  bead 
on  its  surface  rather  than  forming  a  cont inuous 
film,  and  its  ability  to  remain  soft  at  1 ow 
temperatures.  This  ensures  that  the  gel  does  not 
impede  normal  operations  such  as  terminating 
wires,  testing  of  circuits,  etc.  It  also  has  a 
high  resistance  to  migration,  which  is  important 
for  handling  and  using  the  connector. 

External  Protection:  The  connector  is 
protected  against  the  accumulation  of  water  on  its 
external  surfaces  by  housing  it  in  a  plastic 
moulded  retainer,  as  shown  in  Figures  6  and  7. 
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moisture  ingress  due  t<<  covers  being  left  open. 


HinQ* 


Connector 
Lock 


Wire  End  Enceptulant 


Cross-sect 

Connec 


Figure  6 

ion  through  an  Outdoor 
tor  and  Retainer 


Wire  Arrangement :  The  wires  enter  the 
connector  from  underneath,  so  that  moisture  cannot 
run  down  them  into  the  contacts,  as  happens  with 
other  connection  systems  where  the  wires  enter  from 
above.  Also,  it  is  impossible  to  have  wires 
running  from  one  contact  over  the  top  of  other 
contacts,  which  would  form  an  easy  path  for 
moisture  to  track  across,  causing  law  I  R 

The  Results 

Sa_U  Fog  Test  ing 

Test  Method.*  The  proof  of  the  pudding  is  in 
the  eating,  and  so  the  effectiveness  of  the  design 
features  described  above  was  verified  by  a  program 
of  reliability  testing.  A  good  test  for  simu¬ 
lating  a  life-cycle  in  a  condensing  environment  is 
the  ASTM  B 1 1 7  standard  salt-fog  test,  in  which 
fully  wired  connector  assemblies  are  subjected  to 
a  mist  of  five  per  cent  sodium  chloride  solution. 
This  test  has  been  augmented  by  energizing  all 
tip*,  and  rings  with  a  potential  difference  of 
48  volts  DC,  which  provides  a  more  severe  test 
condition  than  with  non-energized  contacts.  Any 
condensation  which  occurs  between  contacts 
or  wire-ends  will,  under  these  conditions,  cause 
a  rapid  degradation  of  insulation  resistance.  The 
i  F  between  each  contact  and  all  the  others  in 
the  connector  electrically  joined  together  is 
measured  periodically  during  the  test,  and  any 
reading  falling  below  100  megohms  is  regarded  as 
a  failure. 

The  testing  of  1  R  between  one  contact  and  all 
the  others  together  is  a  very  severe  test 
condition  which  detects  low  I  R  due  to  leakage 
from  one  contact  to  any  others  in  the  connector. 
This  produces  a  potentially  lower  I  R  than  that 
obtained  merely  by  measuring  between  the  tip  and 
ring  of  each  pair  individually.  This  represents 
a  very  realistic  situation  where  in  the  field, 
leakage  or  capacitive  unbalance  in  the  circuit  can 
occur  between  any  combination  of  contacts  if  water 
bridges  them  -  not  just  the  tip  ai.l  ring  of  a  pair. 


Test  Criteria: 


Figure  7 

Connector/Retainer  Assembly 

The  retainer  is  filled  with  an  inert  hydrophobic 
compound,  which,  when  the  connector  is  inserted 
into  the  retainer,  extrudes  over  the  cut  ends  of 
the  cable  wires  and  the  surfaces  of  the  connector 
in  the  base  of  the  retainer,  A  flexible  cover  is 
provided  which  allows  access  to  the  front  of  the 
connector  for  the  installation  of  jumper  wires. 
This  cover  is  moulded  integrally  with  the  body 
of  the  retainer,  using  a  "living  hinge"  which 
eliminates  the  possibility  of  water  leaking  in 
through  a  hinge  opening.  The  hinged  cover  is 
spring-loaded  which  solves  the  problem  of 


Over  a  period  of  several  years,  using  data  from 
the  connector  performance  moni tor ing program,  a 
correlation  was  made  between  failure  rates  in 
the  field  and  those  in  the  salt-fog  tests.  It 
was  found  that  one  hour  in  the  salt-fog  chamber 
produced  failure  rates  similar  to  one  month  in 
the  field,  for  a  large  proportion  of  the  environ¬ 
mental  conditions  encountered  therein.  Thus,  a 
salt-fog  test  of  240  hours  duration  equates  to 
a  life  in  the  field  of  20  years. 
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Test  Samples:  Three  types  of  connector  were  test¬ 
ed,  two  samples  of  each  type  being  used.  Pro¬ 
duction  samples  of  a  commercial  binding  post  con¬ 
nector,  a  commercial  quick-clip  connector,  and  the 
new  connector  described  in  this  paper  were  tested, 
all  connectors  being  of  the  25-pair  modular  var¬ 
iety.  The  connectors  were  all  mounted  in  the  salt 
-fog  chamber  and  wired  according  to  the  manufac¬ 
turer's  recommended  procedures,  but  they  were  not 
placed  in  a  cabinet.  With  this  setup,  it  was 
therefore  possible  to  compare  the  environmental 
protection  of  the  new  connector  with  that  of  two 
existing  types  of  connector. 


Test  Resul t s 


Figure  8 

Percentage  of  Failed  Contacts  vs.  Time  of 
Exposure  to  Salt-fog.  New  Connector,  Commercial 
Binding-Post  and  Commercial  Quick-Clip 

Figure  8  shows  the  results  of  the  salt-fog  test 
on  the  three  types  of  connector.  The  results 
dramatically  illustrate  the  improvement  in 
reliability  achieved  by  designing  a  connector 
which  has  an  efficient  system  of  environmental 
protection.  The  new  connector  obviously  has  a 
much  greater  life  expectancy  than  the  other  types 
of  connector  which  were  tested  along  with  it. 


The  Cabinets 


Environmental  Features 


A  family  of  cabinets  has  been  designed  as  part  of 
the  new  outdoor  cross-connect  system.  These 
cabinets,  ranging  in  size  from  600  to  3000  pairs 
al ~o  have  features  designed  into  them  to  improve 
their  environmental  protection. 


Figure  9 

3000-pair  Outdoor  Cross-connect  Cabinet 

Figure  9  shows  a  3000-pair  ground-mounted  cabinet 
with  its  doors  open.  The  base  is  a  separate 
structure,  sealed  off  from  the  cabinet  shell, 
thus  preventing  moist  air  from  the  ground  or 
improperly  sealed  ducts  from  entering  the 
cabinet  and  condensing  therein.  The  cabinet  also 
has  a  double-skinned  top  designed  to  reduce 
radiative  heat  loss  at  night,  thereby  reducing 
condensation  inside  the  cabinet.  The  cabinet  is 
well  ventilated,  in  order  to  encourage  a  fresh 
supply  of  ambient  air  to  flow  through  the  cabinet, 
and  to  prevent  the  humidity  from  building  up  to 
condensation  conditions,  the  vents  being  designed 
to  resist  the  entry  of  snow  and  rainfall. 

The  contribution  of  these  features  is  being 
assessed  as  part  of  BNR's  connector  performance 
monitoring  program. 


Cone lus ion 


Other  Tests 

The  reader  should  be  aware  that  salt-fog  testing 
was  by  no  means  the  only  form  of  testing  to  which 
the  connector  was  subjected.  In  fact,  a  very 
comprehensive  program  of  reliability  testing  was 
conducted  on  the  connector  and  Its  associated 
hardware  before  the  product  was  released  onto  the 
market.  The  program  included  such  tests  as 
thermal  cycling,  durability,  heat-aging,  and 
many  other  tests  which  are  commonly  used  in  the 
connector  industry. 


Northern  Telecom  has  developed  a  new  outdoor  cross- 
connect  system  which  has  a  highly  efficient  means  of 
environmental  protection.4  Tests  indicate  chat 
the  reliability  of  the  system  in  a  condensing 
environment  greatly  surpasses  that  achieved 
hitherto  by  other  systems. 

Production  of  this  new  system  began  in  late  1981 
and  it  was  standardized  by  Bell  Canada  in  early 
1982.  The  system  is  currently  undergoing  field 
trials  with  several  North  American  telephone 
companies. 
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A  NEW  CLAMP-ON  TAP  FOR  COAXIAL  DATA  NETWORKS 

by 

James  Fetterolf 
AMP  Incorporated 
Harrisburg,  PA 


,  Abstract 

— . . " . 

This  paper  discusses  the  coaxial  cable  tapping  require¬ 
ments  of  local  area  networks  and  describes  a  new  type  of  tap 
that  meets  these  requirements.  The  new  tap  combines  the 
reliability  of  rf  connectors  with  the  installation  ease  of  a  static 
probe  tap.  Interaction  of  the  unique  probes  enable  the  tap  to 
clamp  onto  unstripped  cable  eliminating  the  extensive  in¬ 
stallation  time  required  by  traditional  coaxial  connectors. 

Typical  applications  of  the  tap  are  described  and  the 
relative  advantages  are  explored  for  two  methods  of  installa¬ 
tion.  The  direct  penetration  method  is  quick  and  simple  but  is 
highly  "cable-dependent"  whereas  the  cable  drilling  technique 
produces  a  reliable  tap  over  a  wider  variety  of  cables  and  in¬ 
troduces  less  capacitance  loading. 

Complete  physical  and  electrical  characteristics  of  the 
tap  are  presented  with  special  attention  to  cable/tap  com¬ 
patibility.  Data  is  presented  demonstrating  the  effects  of  cable 
materials,  design,  and  tolerances  upon  overall  performance 

\ 

The  equipment,  procedure,  and  philosophy  for  a  cable 
penetrability  test  is  disclosed,  and  typical  test  results  are 
presented. 


Introduction 


A  local  area  network  allows  data-generating  and  data- 
recaiving  equipment  to  communicate  over  the  data  bus 
promoting  distributed  processing  by  permitting  large  and 
small  computers,  peripherals,  and  other  intelligent  equipment 
stations.  A  typical  network,  such  as  that  illustrated  in  Figure  1 , 
can  contain  up  to  256  stations  operating  at  speeds  of  5  to  10 
megabaud  over  a  coaxial  cable  bus  1,000  feet  long. 


! 


COAXIAL  CABLE 
BUS 


The  growth  of  these  networks  brings  the  need  for  a  fast 
and  reliable  means  of  tapping  cable  to  add  stations.  Although 
traditional  rf  connectors,  such  as  "N"  Series,  offer  high  perfor¬ 
mance  (when  carefully  applied  by  a  skilled  technician)  the 
cable  must  be  cut  to  install  them  Cutting  the  cable  requires 
that  the  entire  network  must  be  shut  down  simply  to  add  a  sta¬ 
tion.  To  avoid  loss  of  critical  data,  a  shutdown  requires 
scheduling  with  all  network  users. 

In  an  effort  to  avoid  disruptive  shutdowns,  static  probe 
taps  such  as  that  shown  in  Figure  2  have  been  used.  These 
taps  use  a  single  probe  to  make  contact  with  the  cable's  center 
conductor.  While  the  tap  is  easily  applied  and  does  not  require 
the  network  be  shut  down,  long-term  reliability  is  a  concern, 
especially  considering  the  needs  of  data  processing.  The 
probe  presses  against  one  side  of  the  center  conductor.  Since 
there  is  no  mechanism  (other  than  the  tensile  characteristics 


Figure  1  A  typical  local  network. 

ol  the  wire)  to  hold  the  conductor  against  the  probe,  the  con¬ 
ductor  could  eventually  drift  away  from  the  probe  resulting  in 
intermittencies,  or  complete  loss  of  contact. 

A  New  Approach 

Designed  to  meet  the  demand  for  a  more  reliable  tap  in 
CATV  applications,  the  AMP  Coaxial  Tap  has  undergone  a 
series  of  refinements  during  development  to  produce  a  new 
and  more  logical  solution  to  the  problem  of  reliably  tapping 
coaxial  cables.  As  indicated  by  Figure  3.  this  tap  can  be  in¬ 
stalled  without  cutting  the  cable.  Some  cables  can  be  tapped 
with  no  preparation,  while  others  require  an  additional  step  In 
either  case,  the  tap  can  be  installed  while  the  network  is 
operating  and  total  installation  time  is  brief. 
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SIGNAL  PROBE 

PROSE  CATV  TAP 


Figure  2.  Static  probe  coaxial  tap. 


Figure  3.  Installation  of  active  probe  coaxial  tap  assembly. 


The  two  halves  of  the  tap  body  locate  the  cable  and  grip 
the  jacket  to  provide  strain-relief. 

The  center  conductor  is  captured  between  two  probes  as 
shown  in  Figure  4  to  establish  the  signal  connection. 

Both  probes  are  insulated  and  do  not  make  electrical 
contact  with  the  shield  of  the  coaxial  cable.  The  stationary 
probe  achieves  electrical  contact  to  the  center  conductor,  and 
the  spring-loaded  back  up  probe  maintains  the  force  for  long¬ 
term  reliability.  The  second  spring-loaded  probe  overcomes 
the  shortcoming  of  static  probe  taps,  which  use  a  single  non- 
compliant  probe  and  tends  to  push  the  center  conductor 
deeper  Into  the  dielectric  material.  Both  probes  are  designed 
to  pierce  the  cable  and  forcefully  trap  the  center  conductor.  A 
minimum  amount  of  metal  enters  the  cable,  to  minimize  im¬ 
pedance  discontinuities  at  the  termination.  Actual  capacitive 


Figure  4  Active  probe  coaxial  tap. 


loading  is  less  than  3  pF  for  undrilled  cable  and  2  pF  for  drilled 
cable 

Four  pair  of  redundant  ground  probes  pierce  the  cable 
jacket  unassisted  to  establish  the  shield  connection  as  shown 
in  Figure  5.  The  cable  curvature  and  plastic  cavity  design 
cause  the  permanent  deformation  necessary  to  "crimp"  the 
braid  strands  between  compliant  prongs. 

Two  ground  posts  and  a  single  post  protrude  into  the 
PCB  cavity  in  the  tap.  These  posts  allow  simple  removal  of  the 
transceiver  module  from  the  tap  body  without  removal  of  the 
tap  from  the  coaxial  cable  bus.  A  variety  of  standard  discon¬ 
nects  are  available  to  couple  the  PCB  to  the  remote  digital 
device. 

The  major  electrical  and  mechanical  specifications  for 
the  tap  are  listed  in  Table  0. 

Table  0.  Specifications  for  AMP  Coaxial  Tap 

Operating  Cable  Voltage  (max)  50  Vdc  or  Vacrm, 

Operating  Tap  Voltage  (max)  600  Vdc  or  Vacrm, 

Capacitance  (max)  3  pF  (on  drilled  cable) 

Contact  Resistance  (max)  50  mo 

Contact  Current  Rating  (max)  1  A 

Insulation  Resistance  (min)  5  GO 

Cable  Retention  (min)  150  lb 

Cable  Torque  Resistance  (min)  20  in. -lb 

Operating  Temperature  0  to  50”C 

Storage  Temperature  -30to80°C 

In  a  system  such  as  this,  the  cable  serves  as  more  than 
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Figure  5.  Shield  connection. 


the  medium  tor  data  transmission;  it  also  functions  as  an  im¬ 
portant  part  of  the  electrical  and  mechanical  connection  To 
be  used  with  the  AMP  Coaxial  Tap.  coaxial  cables  must  meet 
the  following  material  requirements: 

Center  Conductor  —  Solid  annealled  copper  of  the  wire  size 
required  by  the  particular  tap. 

Dielectric:  Plastic,  such  as  polyethylene  or  Teflon*  TFE  or 
FEP. 

Shield:  Braid  or  foil,  with  up  to  four  layers.  The  outer  layer 
must  be  braided,  tin-plated  copper  32  through  36  AWG. 

Plastic.  The  outer  diameter  must  be  between  0.370 
and  0.410  inch  to  ensure  the  cable  will  be  firmly  held  by  the 
tap. 


Cable  Compatibility 

The  AMP  Coaxial  Tap  was  initially  designed  for  use  with 
RG-8  cable.  As  EMI  requirements  became  more  stringent, 
network  designers  began  demanding  cables  with  better 
shielding  performance.  This  resulted  in  the  use  of  braid-foil, 
braid-foil-braid,  and  braid-foil-braid-foil  combinations.  As 
might  be  expected,  some  of  these  cables  are  better  suited  to 
direct  penetration  than  others.  A  penetrability  test  was  devised 
to  determine  which  cable  configurations  could  be  reliably 
tapped  by  direct  penetration. 


Penetrability  Teatlng 


CENTER 

CONDUCTOR 


The  penetrability  test  measures  penetration  force  versus 
probe  travel  and  indicates  the  presence  (or  absence)  of  shorts 
between  the  shield  and  center  conductor  providing  a 
"signature  analysis"  of  the  sample  cable  for  direct  penetration 
tapping 

Figure  6  is  a  diagram  of  the  test  setup  and  a  list  of  recom¬ 
mended  equipment.  The  cable  is  placed  in  a  special  test  fix¬ 
ture  that  simulates  a  tap.  A  single  probe  is  in  the  top  section  of 
the  fixture.  The  cable-clamp  fixture  rests  on  a  linear  displace¬ 
ment  transducer;  above  the  fixture  Is  a  pressure  transducer 
used  to  measure  penetration  force  of  the  probe.  As  the  probe 
displaces  the  cable  materials,  an  X-Y  plotter  graphs  probe 
travel  versus  penetration  force.  It  also  plots  an  electrical  circuit 
used  to  detect  shorts  through  circuit  continuity.  The  resulting 
graph  is  used  to  determine  whether  the  tap  can  be  applied 
without  drilling  the  cable. 

Figure  7  is  a  typical  penetration-test  graph.  As  the  probe 
enters  the  cable  and  encounters  the  shield,  the  force  in¬ 
creases.  When  the  probe  ruptures  the  shield,  the  force  re¬ 
quired  drops  until  the  probe  reaches  the  center  conductor,  at 


EQUIPMENT 

1  Test  Stand 

2  Linear  Displacement  Module 

3  Displacement  Input  Module 

4  Load  Cell 

6  Load  Input  Module 

6  Amplifiers  (2l 

7  XYY  Recorder 

8  Dial  Indicator 

9  Calibration  Weights 
10  Cable  Clamp 


MANUFACTURER  AND  MODEL 

Hunter  CTM 
Daytronic  DF  160 
Davtronic  Type  70 
Daytronic  152  A  f TOO  lb' 
Davtronic  Type  71 
Daytronic  3000 
Hewlett  Packard  7046A 
Federal  D815 


Figure  6.  Penetration  test  setup. 


which  time  it  increases  again.  The  line  across  the  top  of  the 
graph  represents  the  electrical  circuit.  The  circuit  consists  of  a 
battery,  cable,  probe  and  plotter.  The  cable  shield  and  center 
conductor  are  connected  in  series  in  the  circuit.  When  the 
shield  is  shorted  against  the  center  conductor  by  the  metal 
probe  tip.  the  circuit  to  the  plotter  is  connected;  the  line  on  the 
chart  will  show  a  sharp  drop  until  the  shunt  is  opened. 
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Figure  7.  Graph  for  penetration  test. 


Typical  penetration  graphs,  and  representations  of  the 
condition  responsible  for  them,  are  shown  in  Figure  8. 


UNDRILLED  CABLE 
CAN  BE  TAPPED 


Figure  8.  Typical  penetration  graphs. 


Cable  samples  that  can  be  consistently  penetrated  with¬ 
out  sustained  shorts  Indicate  a  cable  that  Is  suitable  for  direct 


penetration.  As  a  result  of  extensive  penetrability  testing  the 
following  general  recommendations  (Table  XI )  have  been 
established. 


Table  XI.  Cable  Requirements  for  Direct  Penetration 


Cable  part 

Materials 

Remarks 

Conductor 

Solid  annealied 
copper 

No  plating  required 

Dielectric 

Solid  or  foamed 
polyolefin  (poly¬ 
ethylene.  etc.) 

Solid  or  foamed 
fluoropolymer 
(Teflon*,  etc.) 

Foam  plastics  cannot 
be  used  if  the  cable 
has  a  double-layer 
shield  (on  50 -n  cable) 

Shield 

Up  to  two  layers  — 
one  braid  and  one  foil 

Outer  layer  must  be 
braid. 

1 

Braid:  tin-plated 
copper  32  through  36 
AWG 

Foil  should  have  less 
than  10%  elongation. 

Jacket 

Polyolefin,  fluoropoly¬ 
mer.  or  polyvinyl 
chloride  (PVC) 

Outer  diameter  must 
be  between  .370  and 
.410  inch. 

When  a  cable  cannot  be  tapped  satisfactorily  by  direct 
penetration,  it  is  usually  because  parts  of  the  shield  are 
dragged  inward  by  the  probe  to  short  against  the  center  con¬ 
ductor.  Even  in  instances  where  shorts  do  not  occur,  it  is 
possible  that  deformation  of  the  shield  can  be  great  enough  to 
excessively  increase  capacitive  loading  by  the  tap.  These 
restrictions  significantly  limit  the  number  of  coaxial  cable 
types  that  can  be  used  effectively  with  local  area  networks 
using  this  tap. 

Since  these  conditions  often  exist  with  cables  that  offer 
the  desired  qualities  of  low  capacitance  and  high  shielding 
performance,  and  because  of  network  designers'  interest  in  a 
reliable  tap  that  can  be  applied  without  interrupting  the  bus. 
an  improved  method  of  applying  the  tap  was  developed.  This 
improved  method  includes  drilling  the  shielding  level  of  the 
cable  with  an  insulated  bit. 

Drilling 

Although  drilling  involves  an  extra  operation  in  tapping  a 
cable,  it  has  several  advantages.  It  maintains  consistent 
capacitance  values  and  eliminates  the  possibility  of  the  probes 
dragging  the  shield  inward  to  short  against  the  center  conduc¬ 
tor.  Drilled  multi-bralded  cables  present  much  less  capacitive 
loading  than  undrilled  cables  —  typically  2.0  pF  versus  5  pF. 

The  tap  Is  applied  in  two  steps.  First,  a  drilling  fixture  is 
placed  on  the  cable.  The  fixture  has  two  clamps  thrt  firmly 
hold  the  cable  and  prevent  its  twisting.  A  drill  guide  fits  into  the 
fixture  and  snaps  over  the  cable.  The  guide  has  a  drill  hole  in 
each  side  to  guide  the  drill  bit.  A  specially  insulated  bit  is  used; 
the  Insulation  isolates  the  cable  conductors  from  the  drill 
motor  and  acts  as  a  stop  on  the  drilling  depth.  The  purpose  of 
drilling  is  to  locally  remove  the  shield  to  provide  a  clear  path 
for  the  center-conductor  probes.  Figure  9  shows  the  drilling 
fixture. 

After  the  cable  is  drilled,  the  plastic  drill  guide  is  removed 
from  the  cable  and  strap  fixture.  The  fixture  is  left  on  the  cable. 


280  International  Wire  &  Cable  Symposium  Proceedings  1982 


a  amp 

-v 


iNSUl  ATE  (i  DRILL  Hi r 


L  URDU  Kb  DRIL  1 


Further  investigation  disclosed  that  this  was  caused  by  a  lack 
of  concentricity  within  the  cable.  Therefore,  even  if  the  cable 
meets  the  material  requirements  indicated  in  Table  XI  perfor¬ 
mance  with  direct  penetration  cannot  be  assured  unless 
penetrability  tests  are  conducted  using  samples  of  the  cable  to 
be  tapped. 

An  ideal  coaxial  cable  is  concentric,  with  all  layers  having 
a  common  axis.  In  a  real  cable,  manufacturing  tolerances  in¬ 
troduce  some  eccentricity  into  the  cable.  For  the  tap  to  work 
properly,  eccentricity  must  be  within  certain  limits.  For  exam¬ 
ple,  if  the  center  conductor  is  sufficiently  off  center,  the  probes 
may  bend  or  may  completely  miss  the  center  conductor  dur¬ 
ing  tapping.  Three  equations  have  been  devised  to  ensure  tha< 
the  cable  falls  within  the  eccentricity  limits  required  by  the  tap. 
Figure  1 1  shows  the  eccentricity  requirements. 


’HE  FIXTURE  IS  X!  Hb  TO  ’  »E 
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THE  DRiuED  HOLES  WITH  Th[ 
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Figure  9.  Drilling  fixture 


The  strap  fixture  is  keyed  to  the  tap.  When  the  tap  is  placed  on 
the  fixture,  the  probes  are  precisely  aligned  with  the  drilled 
holes  in  the  cable. 

Completing  the  tap  is  simply  a  matter  of  tightening  the 
same  two  screws  that  are  used  for  direct  penetration  tapping 
and  removing  the  drilling  fixture.  The  probes  and  shield  ter¬ 
minators  establish  electrical  connections  with  a  drilled  cable  in 
the  same  manner  as  they  do  with  direct  penetration.  A 
penetration  test  performed  on  drilled  cable  yields  the  test 
results  shown  in  Figure  10. 

Typical  tapping  times  are  less  than  three  minutes. 


Concentricity 

During  penetrability  testing,  it  became  apparent  that  the 
results  for  many  cable  samples  did  not  follow  the  patterns 
established  by  other  samples  with  the  same  configurations. 
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Figure  1 1 .  Cable  eccentricity  limits. 


Center-Conductor-to-Jacket  —  The  difference  between 
the  center  of  the  center  conductor  and  the  center  of  the  jacket 
must  be  less  than  or  equal  to  the  following: 

E,.4  <  353  D,  -  .010" 

where  D,  is  the  diameter  of  the  center  conductor. 

Center-Conductor-to-Plalectrlc  —  The  difference  be¬ 
tween  the  center  of  the  center  conductor  and  the  center  of  the 
dielectric  must  be  less  than  or  equal  to  the  following: 

E,.2  <  °tZD' 

20 
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where  D,  Is  the  diameter  of  the  center  conductor  and  D2  Is  the 
diameter  of  the  dielectric . 

Shleld-to-Jacket  —  The  difference  between  the  center  of 
the  shield  and  the  center  of  the  jacket  must  be  less  than  or 
equal  to  the  following: 

E3_4<  050''  -  D4-  D3 
2 

where  D]  is  the  outer  diameter  of  the  shield  and  D4  is  the 
diameter  of  the  jacket. 

An  Example  —  The  cable  must  meet  all  three  concen¬ 
tricity  requirements  as  demonstrated  in  Figure  12. 


Conclusion 

The  AMP  coaxial  tap  provides  an  efficient,  reliable  means 
of  tapping  a  coaxial  cable  in  a  local  area  network.  The  perfor¬ 
mance  of  this  tap  depends  on  certain  physical  characteristics 
of  the  cable  on  which  it  is  applied.  Although  the  cable  drilling 
technique  described  in  this  paper  overcomes  many  of  the 
limitations  imposed  by  cable  geometries  and  materials  it 
cannot  compensate  for  cables  wherein  the  jacket,  shield, 
dielectric,  and  center  conductor  are  not  sufficiently  concentric. 
We  know  of  no  tapping  method  available  today  that  will  com¬ 
pensate  for  highly  eccentric  cable  constructions. 


1 .  Center  Conductor 

2.  Dielectric 

3.  Shield  E,.4<.353  (.0855)  -  .010" 

4  Jacket  <  0202 


E,,;<.242  -  0855 
20 

<  0078 


E3.4<  050  -^.405  -  .326 
<0105 


) 


Figure  12.  Eccentricity  examples. 
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DROPWIRE  LEAKAGE  DUE  TO  A  FAULTY  CONNECTOR:  A  GENERAL  MODEL 
BASED  ON  RADIATION  FROM  A  CIRCUMFERENTIAL  SLOT 
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*Comm/Scope  Company 
Catawba,  North  Carolina 
**Department  of  Electrical  Engineering 
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Summary 

In  this  paper  we  consider  the  elementary  but 
important  case  of  excitation  in  which  the  leakage 
from  the  coaxial  cable  is  caused  by  a  partially 
disconnected  connector.  The  coax  center  conductor 
is  assumed  to  be  continuous  but  the  connector 
outer  fitting  is  assumed  to  be  unscrewed,  ef¬ 
fectively  leaving  a  gap  in  the  outer  conductor 
of  the  coax.  It  is  through  this  circumferential 
slot  that  electromagnetic  energy  reaches  the 
exterior  region.  In  general,  the  current  induced 
on  the  exterior  surface  of  the  outer  coaxial 
conductor  is  strongly  dependent  upon  where  this 
gap  is  located  along  the  length  of  the  coax,  and, 
in  turn,  exterior  fields  depend  directly  upon 
this  surface  current.  Therefore,  in  this 
investigation,  the  exterior  fields  are  computed 
for  numerous  values  of  the  displacement  of  the 
faulty  connector  from  the  center  of  the  finite- 
length  coaxial  cable^  The  effects  of  length  and 
radius  of  coax  outer/Vonductor ,  height  of  coax 
above  ground,  frequency  and  the  nature  of  the 
internal  fields  (voltage  and  current)  are  considered. 


Introduction 

In  an  expanding  CATV  network,  an  understanding  of 
system  R.F.  radiation  is  of  increasing  importance. 
In  the  cable  system  environment,  it  is  often 
difficult  to  empirically  separate  the  effects  of 
various  connectors,  cable  arrays,  etc.  Under¬ 
standing  the  electromagnetic  leakage  of  individual 
components  is,  therefore,  of  practical  value.  The 
purpose  of  this  paper  is  to  describe  the  results 
of  an  investigation  of  the  field  exterior  to  a 
coaxial  cable  caused  by  the  presence  of  a  hole  or 
a  gap  in  the  coax  outer  shield.  The  analytical 
techniques  employed  are  outlined  and  representative 
data  are  presented. 

The  intensity  and  characteristics  of  the  field 
radiated  and  that  leaked  by  a  coaxial  cable  depend 
upon  numerous  parameters:  the  length  and  radius 
of  coax  outer  conductor;  height  of  the  coax  above 
ground;  frequency;  the  nature  of  the  internal 
fields  (voltage  and  current);  and  the  nature  of 
the  means  by  which  the  internal  energy  leaks  to 
the  region  exterior  to  the  coaxial  shield.  In 
this  paper  we  consider  the  elementary  but  important 
case  of  excitation  in  which  the  leakage  from  the 
coaxial  cable  is  caused  by  a  partially  disconnected 


connector.  The  coax  center  conductor  is  assumed 
to  be  continuous,  i.e.,  the  center  pin  and  its 
female  counterpart  make  good  contact,  but  the 
connector  outer  fitting  is  assumed  to  be  unscrewed, 
effectively  leaving  a  gap  in  the  outer  conductor  of 
the  coax.  It  is  through  this  circumferential  slot 
formed  by  the  gap  in  the  outer  coaxial  shield  that 
electromagnetic  energy  reaches  the  exterior  region. 

In  general,  the  current  induced  on  the  exterior 
surface  of  the  outer  coaxial  conductor  is  strongly 
dependent  upon  where  this  gap  is  located  along  the 
length  of  the  coax,  and,  in  turn,  exterior  fields 
depend  directly  upon  this  surface  current.  There¬ 
fore,  in  this  investigation,  the  surface  current  is 
computed  for  numerous  values  of  the  displacement  of 
the  faulty  connector  from  the  center  of  the  finite- 
length  coaxial  cable  and  exterior  fields  are 
determined  therefrom. 

The  coaxial  cable  resides  a  specified  distance 
above  the  earth  and  is  taken  to  be  parallel  to  the 
earth's  surface.  For  the  purposes  of  analysis,  the 
outer  conductor  of  the  coax,  as  well  as  the  surface 
of  the  earth,  are  assumed  to  be  ideal  conductors, 
and  the  radius  of  the  coax  is  assumed  to  be  very 
small  relative  to  the  height  of  the  coax  above 
ground.  The  assumptions  of  small  radius-to-height 
ratio  and  the  idealness  of  the  coax  shield  introduces 
little  error  except  in  those  locales  where  earth 
conductivity  is  extremely  low,  allowing  displacement 
current  to  become  comparable  to  conduction  current. 

Subject  to  the  Idealizations  discussed  above,  an 
integro-dif ferential  equation  is  developed  and 
solved  for  the  current  which  is  induced  on  the 
exterior  surface  of  the  outer  conductor  of  the  coax. 
The  forcing  function  in  this  integro-dif ferential 
equation  is  the  field  in  the  gap  caused  bv  the 
incompletely  fastened  connector.  In  turn,  the 
field  in  the  gap  is  related  to  the  excitation  and 
terminations  inside  the  coaxial  cable,  thus 
enabling  one  to  relate  the  solution  of  the  integro- 
differential  equation  to  the  quantities  normally 
known  for  a  coax. 

For  numerous  conditions  of  interest  of  excitation, 
the  integro-dif ferential  equation  is  solved  for 
the  exterior  shield  current  and,  from  knowledge 
of  this  current,  the  field  radiated  by  the  coax  is 
computed.  Near  fields  and  far-zone  radiated  fields 
are  calculated,  and  they  are  presented  as  functions 
of  the  parameters  of  interest  discussed  above.  It 
is  observed  that  the  strength  of  the  exterior  field 
is  far  greater  for  certain  cable  lengths  than  it  is 
for  other  lengths, 
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Formula t ion 

The  general  problem  to  be  considered  here  is 
illustrated  in  Fig.  1,  where  one  sees  a  finite 
length  PEC  wire  of  radius  a  oriented  along  the  z 
axis  a  distance  d  above  the  ground  (yz  plane). 


EARTH 


Fig.  1.  Wire  above  ground. 


The  ground  is  assumed  to  be  of  infinite  extent  and 
perfectly  conducting.  This  allows  one  to  employ 
image  theory  in  the  construction  of  an  equivalent 
model  shown  in  Fig.  2.  In  particular,  we  introduce 
an  image  wire  of  the  same  dimensions  as  the 
original.  The  image  voltage  source  is  equal  and 
opposite  to  the  original ,  the  image  and  its  source 
are  located  in  a  medium  (u*»)  a  distance  d  below 
the  air-earth  interface,  and  the  image  wire  is 
parallel  to  the  original  wire.  This  reduces 


Fig.  2,  Wire  and  its  image. 


the  problem  to  one  of  two  coupled  voltage-fed 
parallel  wires  in  infinite  homogeneous  space  (u*). 
Due  to  the  symmetry  of  Che  structure  and  the 
sources,  the  current  on  the  image  wire  must  be 
equal  to  but  opposite  in  direction  from  the  current 
on  the  original  wire.  This  means  that 

I(x)  *  -I'(x)  (1) 

so  Ir(x)  is  known  as  a  function  of  I(x). 


Finding  the  currents  I  and  I*  requires  solving  a 
boundary  value  problem.  For  this  particular  problem 
the  boundary  conditions  require  that  the  total 
electric  field  tangential  to  and  on  the  surface  of 
both  PEC  wires  be  zero.  We  define  as  the 

electric  field  at  a  point  r  due  to  current  Ii  on 
wire  ],  E®[l;>;r]  as  the  electric  field  at  £  due  to 
current  on  wire  2,  and  £l(r)  as  the  known 
electric  field  at  £  resulting  from  electromagnetic 
energy  radiating  from  the  gap  in  the  outer  conductor 
of  the  coax.  The  field  E* (£)  is  directly  responsi¬ 
ble  for  the  current  Ij  and  I2.  The  total  electric 
field  is  the  sum  of  that  produced  by  I*,  that 
produced  by  I 2  and  of  the  incident  field: 

-TOTAL  =  +  I?[I2;r]  +  E^r)  .  (2) 

Under  the  thin-wire  assumptions,  only  the  z 
components  of  the  fields  are  significant  in  the 
satisfaction  of  the  boundary  conditions.  If  we 
further  define  El^fl^jz]  as  the  z  component  of  the 
electric  field  due  to  1^,  (evaluated  on  the  surface 
of  wire  a)  and  Eg(z)  as  the  z  component  of  the 
incident  electric  field  evaluated  on  wire  a,  then 
the  boundary  conditions  are  given  by 

-E?i[li;z1  -  E?:[Ir;zl  =  e!(z)  .  zf(-h,h)  (3a) 

-E?  1  [  1 1 ;z]  -  E? 2 ( I r ; z ]  =  fJ(z)  .  zc(-h,h).  (3b) 


If  we  set  E?2  to  zero,  then  (3a)  would  be  the 
equation  for  a  single  isolated  wire  in  free  space. 
Similarly,  if  we  set  Efi  to  zero,  then  (3b)  would 
be  the  equation  for  a  single  isolated  wire  in  free 
space.  The  terms  E?i  and  Ef j  are  referred  to  as 
"self"  terms  while  E?2  and  E?s  are  referred  to  as 
"coupling"  terms. 

In  general,  Es,  the  electric  field  at  the  surface 
of  a  PEC  body,  is  given  by 

Es(r)  =  juA(r)  +  W(r)  ,  res  (A) 


where  A  is  the  magnetic  vector  potential  and  T  is 
the  electric  scalar  potential  due  to  the  currents 
and  charges  on  the  wires.  The  vector  r  locates 
the  observation  point.  Considering  our  geometry 
in  cylindrical  coordinates,  we  find  that  only  the  z 
component  of  the  vector  potential  survives,  and 
that  E|  from  Eq,  (4)  is  simply 


z 


jwA 


(5) 


where  J  z  is  the  z-directed  surface  current  density, 
where 


and  where 

<t> 


A  =f  [d(z') 
z  4tt  J  z  J  R 

-h 

{  ■*<*’>  | 


-jkR 


a  d<£  'dz  1 , 


a  dif'dz' 


(6) 


(7) 
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r 


R  Is  the  distance  from  the  source  point  (a,{' ,z') 
to  the  observation  point  (a,$,z).  Both  points  are 
on  the  cylindrical  surface  of  the  wire.  Since  all 
quantities  are  $  independent  we  can  set  *,  =0  with¬ 
out  loss  of  generality  and  for  convenience  we  can 
define  a  total  current  I  as 


As  a  result  of  symmetry  ;z  1  is  identical  to 

with  Ii  replaced  by  I  ;> .  E?i(E??)  is  the 
electric  field  due  to  I  i(  I  )  on  wire  1  (wire  2); 
hence, the  expression  "self  term.” 

( '( >up  ling  Ter  ms 


I(z)  *  2  t a  J  (z)  .  (8) 

z 

The  surface  charge  density  <|  is  related  to  1  by 
the  continuity  equation: 

I(z)  =  -j2nauq(z)  .  (9) 


Consider  li.[I.-;z]  which  is  the  electric  field  on 
wire  1  due  to  current  on  wire  2.  The  expression 
for  K‘i;  is  analogous  to  equation  (12): 

h 

k‘  J*  I  ;  (z  *  )Ki  .  (z-z  1  )dz  ' 


It  is  convenient  to  replace  J2  and  q  in  (6)  and  (7) 
with  their  equivalents  from  (8)  and  (9): 

h 

A  (z)  *  y““  I  l  (z*  )K(z-z  '  )dz*  (10a) 

z  4*  J 

-h 


i(z)  -  j  |  I(z,)K(z-z')dz'  (10b) 

-h 


where 


d__  f  d _ 

dz  j  dz' 
-h 


I  j  (z 1 )Ki : (z-z ' )dz ' 


(14) 


where 


Kir 


2^ 


fVJkRi-- 

j  I*i : 


—71 


df' 


(15) 


Rir  Is  the  distance  from  a  point  on  the  surface  of 
wire  2  to  a  point  on  the  surface  of  wire  1.  If 
d  '  5a,  then 


l  f  "jRR 

K(z-z’)  =  U.  d^’  (11a) 

in  which 

R  =  [(z-z');  +  4a:  sin(  $ '  /2)  )'*  .  (lib) 


Finally,  insertion  of  A7  and  <f  of  (10)  into  (5) 
yields 


E,[I  ;z]  »  j 


4uk 

h 


k‘|  1  (z '  )K(z-z '  )dz ' 

-h 


+  4-  |4—i  1  (z')K(z-z')dz' 

dz  J  dz 

-h  ! 


(12) 


Rir  =  v'(z-z')'  +  4d^ 
and  Ku  simplifies  to 


Kir  = 


e"jkRi : 
Hi  2 


(16) 


07) 


Similarly , 

h 

k’j  1 1  (z '  )K.- 1  (z-z '  )dz ' 

-h 

1 

+  M  Ii(z’)K2i(z-z,)dz' Wl8a) 

-h  I 

where  K21  is  given  by 

p-jkH?  1 

K”  =  Rji  (18b) 


-EftUilz)  =  j 


4trk 


Self  Terms 

_ _ t  .  c  cs  r  t  /,i\  /n\  and  is  found  due  to  symmetry  to  be  the  same  as  Ki 

For  the  self  term,  -Eiillijzl,  Eqs.  (11)  and  (12) 

apply  directly;  0  '  ' * 

[  h 

-E11  [It  ;z]  -  J  Jk*J  I,  (z '  )K(z-r '  )dz ' 

I  -6 

h  | 

+  \lP  UU’)K(z-z')dz'  ■  03) 

-h 
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Combining  (13),  (14),  and  (18)  with  (3),  we  have 
the  final  coupled  equations: 


Numerical  Solution  of  the  Integro-Di f f eren t la  1 
Equations  ( 1 9) 


+  h  C(e)K(z-z')dz' 


Eqs.  (19)  have  been  solved  numerically  by  :he  method 
of  moments  [1,11.  Only  the  highlights  are  presented 
here  with  emphasis  on  the  features  relevant  to 
solving  (19).  The  currents  lx  and  I,  are  approxi¬ 
mated  as  piecewise  linear  functions  so  they  can  be 
represented  by  means  of 


N  /In 

'»<*>  -  I  1  ?)  A, 


h 

k‘f  1 2  (z'  )Ki :  (z-z  *  )dz * 
-  -h 


where  An  is  the  nth  triangular  pulse  and  I^-  is  the 
unknown  weighting  coefficient  of  An  .  (Representat  i  ve 
An's  are  illustrated  in  Fig.  3.) 


+  h  J  IP  ^'^(z-zMdz' 


*  E{(z) 


z.-(-h.h)  (19a) 


;A  ,  ' 
v  \  / 


a  i  d 


-j  47k  ]  k‘J  ll  (z'^ntz-z^dz' 


+  jp  1 1  (z'  )K;i  (z-z  ' ) dz  ’ 


+  k‘  1 2 (z f )K(z-z ' )dz ’ 


Fig.  3.  Piecewise  linear  (triangular) 
expansion  functions  and  pulse  testing 
functions  for  a  wire. 


Rectangular  pulses  IIm  are  used  as  testing  fund  Ions 
where 

I  1  ,  Z.  (Z  -.72.  z  +.72) 

m  m 


II 

<L 

dz  dz r 


Ir(z,)K(z~z,)dz’ 


*  E;(z)  ,  zf  (-h,h).  (19b) 


Fur  leakage  through  the  thin  circumferential  slice 
in  the  coax  outer  conductor,  the  classic  slice 
generator  source  model  is  ideally  suited.  There¬ 
fore,  the  incident  fields  of  (19)  for  the  wire  and 
its  image  (Fig.  2)  are  e|(z)  *  V  A(z-Zg)  and  e|(z)  ® 
-V  i5(z-zg),  where  V  is  the  strength  of  the  potential 
difference  across  the  thin  slice  or  gap  in  the  coax 
outer  conductor,  7g  is  the  displacement  of  the  gap 
from  the  wire  center,  and  <5(0  is  the  familiar  delta 
function.  The  location  of  the  source  generator  is 
illustrated  in  Fig.  1. 


0  ,  otherwise 


A  is  the  length  of  the  N+l  segments  into  which  the 

2h 

length  2h  is  partitioned  (A  -  —y)  ‘  Pulse  testing 

functions  and  A  are  depicted  in  Fig.  3. 

We  now  outline  briefly  the  pulse  test ing/t r iangle 
expansion  scheme.  Representing  and  I:  in  (19a) 
by  the  piecewise  linear  approximation  of  (20)  and 
testing  the  resulting  equation  with  Hm  of  (21)  for 
m=l ,2,3, ,  N  2eads  to 


7."  +  l  I(:)  z'  '  =  V(1) 
mn  ,  n  mn  m 
n-I 


m» 1 , 2 , 3 , . . . N 


on  wire  1  where 
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or  as  a  single  matrix  equation. 


n-1 


n+! 

J  I  >  -  K(V«5-3’)!dz’*  (22b) 


n+S 


J  T 


, -z') |dz' 
n-b  ! 


+  j  [Ki.Oz^-z’)  -  Ki..(z 

Vi 

Zn+1 

1Kl-(Zm+Ss-2’)  -  K>-(vrz’)dz^  ’ 


and  where 

z  +A./2 

V<»-(  Ei  (z)dz 

z  -A/2 
m 


f  1  ,  z  s  (z  -A/2 ,  z  +A/2) 

g  m  m 


(22d) 


0  ,  otherwise 


In  (22),  z^  ■  -h + pA  ,  where  p  may  be  m,  n,  n+4,  or 
n-4-  The  Same  procedure  may  be  applied  to  (19b)  to 
arrive  at 


[  I(I)  Zri  +  l  i(2)  z:j  =  v<2) 
n  mn  ,  n  mn  m 
n*l  n=I 


m«  1 , 2 , 3 ,  .  .  .  N , 


(23) 


with  corresponding  definition  of  terms.  Due  to  the 
symmetry  of  the  wire  plus  its  image,  one  can  show 


tha 


t  v(2)  =  -v(1>  , 


Z11  ,  and  Z‘ 


mn  mn  mn  mn 

(See  remark  following  (18).)  By  solving  the  two 
coupled  algebraic  equations  (22a)  and  (23),  one 

determines  the  sets  of  coefficients  tO)  and  I  (2) 

n  n 

which  in  (20)  allow  one  to  approximate  Ii  and 
I ?  with  high  accuracy. 

It  is  instructive  to  write  '°2a)  and  (23)  as  a  pair 
of  matrix  equations. 


(24a) 

(24b) 


z11 

mn 

ri<»i  + 

n 

z" 

mn 

fl(2)' 

n 

-j 

= 

va> 

m 

x» 

mn 

Ln  J 

~22 

mn 

L  J 

n 

* 

v(zr 

m 

[■:■*] 


L'.. 


(2) 


rvn)l 

Lm  J 


l25) 


In  which  [2^]  =  [Z“l  and  [Z”]  =  (Z^)  are 
explicitly  incorporated.  A  more  convenient  form  is 


m  ■  [*■ 


(26) 


with  obvious  definitions  of  matrices.  From  (26), 
the  matrix  |J  |  of  current  coefficients  is  seen 

to  be 

i-l  i 


the  matrix  T  of  cur 

L  nJ 

[g  ■  y"[v.i 


(27) 


from  which  one  has  the  coefficients  needed  in  the 
piecewise  linear  approximation  of  li  and  I ? . 


Obviously,  the  matrix  H  and  its  inverse  can  be 
quite  large  for  long  wires  which  require  many  pulses 
for  an  accurate  representation  of  the  current.  The 
symmetries  peculiar  to  our  problem,  however,  allow 
for  a  reduction  in  the  order  of  the  matrices  in 
(26).  Matrix  folding  techniques  [2  ]  enable  one  to 

reduce  17  I  from  2N  x  2N  to  N  x  N,  which  is  clear- 

LVJ 

ly  a  significant  savings  in  computer  resources. 


Radiated  Field 

From  knowledge  of  the  current  on  the  wire, 
determined  by  solving  (19)  by  means  of  the  pro¬ 
cedure  discussed  above,  one  can  determine  the  field 
radiated  by  the  wire  above  ground.  We  compute  in 
this  section  the  far-zone  electric  and  magnetic 
fields  and  the  near-zone  electric  field  on  the 
surface  of  the  earth.  In  general  E  and  H  are 
computed  by  means  of 


and 


H  =  -  V  v  a 
-  U  -  - 


-  juiA  - 


(28a) 


(28b) 


where  A  and  'l*  are  the  vector  and  scalar  potentials 
due  to  the  sources  induced  on  the  wire  plus  its 
image.  For  a  point  located  in  space  by  r  which  is 
distant  from  the  wire  compared  to  its  radius  a,  A 
and  are 
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A(D  j  1<z’> 


dz’  (29a) 


Replacing  I  by  its  piecewise  linear  representation 
from  (20),  one  may  write  the  magnetic  field  in  terms 
of  the  coefficient  In  determined  from  the  numerical 
solut ion : 


*(r)  =  j 


I  (*')<— 


-jklr-£’  I 


-  j k !  I 


H  +  (r,0,<f)  -  -2kAsinBsin  (kd  sin?  cos, ) 

v 

-jkr  N  ikz  cosO 
e  r  T  n 

•  —7 -  )  I  e  , 

4-rrr  n 


Ir-r't  «  >(x-d)’  +  y-  +  (z-z’H  (30a) 


(x+d):  +  v2  +  (z-zf)'  .  (30b) 


In  (29)  I  is  Ii  the  current  on  the  wire  above 
ground  but,  since  Ij  and  I-  are  related,  the  sub¬ 
scripts  are  dropped  for  convenience. 

Far-Zone  Field 

In  the  far  zone,  r  •  •  and  r^2h .  As  a  result. 


tj-.)k'r-r’ j  e-jk(r-rf  (£•£*)) 


where  H  =  H  *,  $  .  Knowing  one  computes  E 
simply  from’Eg^riH^  in  th£  far  zone. 

Near-Zone  Field 

Due  to  the  presence  of  the  ground  at  x  =  0  in  the  yz 
plane,  which  is  taken  to  be  ideal,  Ey  and  Ez  are 
zero  on  this  plane  (x-0)  and  Ex(0,v,z)  is  twice 
the  x-directed  E-field  radiated  by  the  current  in 
open  space  (no  ground  plane  present).  So,  to 
determine  Ex(0,v,z),we  compute  radiation  from  1  alon* 
and  double  the  x  component  of  E-field.  Since  on 
the  ground  Ex  is  the  total  E-field,  since  Ev  and  £z 
are  very  small  near  the  earth,  and  since  major 
interest  lies  in  the  field  on  the  ground,  we  choose 
Ex  on  the  ground  to  present  as  a  characterizat ion 
of  near  field  behavior. 

The  x  component  of  the  E-field  due  to  I  alone  in 

open  space  is  computed  bv  -  ‘  where  ‘  now  is  (29b) 

dX 

with  the  second  term  in  the  braces  set  to  zero. 

Hence , 


-jk(r-rpf.r’)) 


Ex(°,y,z)  =  -j-pf 


-JMr-r' 


dz’  (33) 


from  which  it  follows  that 


Ex(0,y,z)  =  -j  2—  jp  I  (z 1 )g(y ,z ;z ' )dz ’  (36) 


,  .  ,  ...  jkz’cos? 

— —  _jsin(Kdsin  Vos.  )e  , 


g(y ,z;z' )  =  ip  +  j-1 


where  0  and  .f  are  the  angles  of  a  spherical  coordi¬ 
nate  system  centered  at  (0,0,0)  and  oriented  in  the 
usual  way.  Substituting  (32)  into  (29a)  and  per¬ 
forming  the  operation  indicated  in  (28a),  one 
obtains 


H  *  -2k  (z*  r)  sin  (kdsin**cos<f  - -  I(z')e^  Z  cos  dz'. 

—  -  4  tt  r 


D  =  vd2  +  v 2  +  (z-z’)2  .  (37 

Replacement  of  I  in  (36)  by  its  piecewise  linear 
approximation  (20)  allows  one  to  arrive  at 


Ex(0,v.z)  =  -j2^r  l  In[g(y.z;zn_|5)  -  g(y.z;zn+1)l 
n=l 


which  is  Ey  in  terms  of  the  coefficients  In  de¬ 
termined  from  the  solution  procedure  described 
above . 
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In  Fig.  4  is  illustrated  a  transmission  line  model 
of  the  coax  in  Fig.  1.  A  known  load  is  assumed  to 
exist  at  the  end  at  z*h  and  a  faulty  connector  at 
z  «  Zg,  and  we  wish  to  know  the  input  impedance  Zin 
of  tne  section  of  coax  at  z  =  -h.  The  series 
impedance  seen  by  the  line  at  zg  is  the  impedance 
Z/\  computed  for  the  radiating  section  of  the  coax. 

By  standard  transmission  line  theory  one  can  readily 
show  that 


,+  -  -j2kc2S 

Z  +  Z  e 

7  *  7  -J! _ s - 

ln  0  Z+  -  Z"  e_j2kcZg 
s  s 


where  Zq  and  kc  are  the  characteristic  impedance 
and  propagation  constant,  respectively,  of  the  coax 
and  where 


2  ZL,Z0  +  (2L-Z0)e-j2kc<2^)  | 

s  '  %  Z  +  -j2k  (2h-z  )  "  *1 

1  <ZL+Z0>  ~  <We  8  1 


ZA  is  determined  from  the  numerical  solution  method 
discussed  above  and  the  value  of  ZL  is  available 
from  knowledge  of  the  terminal  conditions  at  z  = h 
(open  circuit,  short  circuit,  or  otherwise). 

Knowing  ZA  and  ZL  one  computes  Zin  from  (39)  and 
(40). 


In  Figs.  5-9  is  illustrated  the  magnitude  of  the 
current  induced  on  the  outside  of  the  coax  due  to 
the  electromagnetic  energy  that  reaches  the  exterior 
region  through  the  circumferential  gap.  In  all 
cases  the  gap  voltage  is  1  Volt,  the  height  above 
ground  is  5  meters  and  the  coax  radius  is  .0022 
meters  which  is  representative  of  a  standard  RG59 
coaxial  cable.  The  medium  is  taken  to  be  free  space 
and  the  earth  is  modeled  by  a  PEC  plane  of  infinite 
extent.  The  excitation  wavelength  is  6  meters  (50 
MHz).  The  current  exhibits  the  expected  features. 

The  largest  value  occurs  for  the  3m  wire  (half¬ 
wavelength)  with  z  *0  (center  fed).  The  current 
excited  on  a  wire  that  is  an  odd  multiple  of  a 
half-wavelength  is  smaller  but  is  still  quite 
significant.  The  current  on  a  center-fed  drop  wire 
that  is  an  integral  multiple  of  one  wavelength  (6m) 
is  even  smaller.  Maximum  current  in  these  cases 
occurs  when  the  distance  from  the  gap  to  the  wire 
end  becomes  half  wave-length. 

It  is  clear  from  Figs.  5-9  that  the  magnitude  of  the 
current  and  its  variation  along  the  wire  are  strongly 
dependent  on  the  two  variables  2h  and  Zg  considered. 
The  significance  of  this  can  not  be  overstated  since 
the  leakage  field  depends  directly  on  I(z)  is  shown 
in  earlier  sections.  In  addition,  the  variation  in 
the  current  at  the  gap  in  the  coax  due  to  wire  length 
and  Zg  results  in  a  wide  variation  in  the  value  of 
ZA  ana,  therefore,  in  the  input  impedance  of  the 
coax.  In  Table  1 ,  ZA  is  given  for  each  case  con¬ 
sidered  in  Figs.  5-9.  These  values  of  ZA  can  be 
used  in  Eqs.  (39)  and  (40)  to  compute  the  loading 
Z^n  at  the  input  (z  = -h)  of  the  coax  caused  by  the 
faulty  connector. 


z  =  -h  Zq  Z=h 


Fig.  4.  Transmission  line  model  with  load  ZL 
at  z=h  and  with  leaky  connector  at  z=zg. 


Results  and  Discussion 

In  view  of  the  large  number  of  variables  to  consider 
such  as  coax  length,  height  above  ground,  excitation, 
location  of  excitation  on  the  cable,  and  radius  of 
the  coax,  a  complete  characterization  of  the  problem 
would  result  in  far  more  data  than  could  be  reported 
here.  For  this  reason,  in  the  presentation  of  the 
results  below,  we  confine  ourselves  to  an  overview 
of  some  of  the  possible  combinations  of  parameters. 
In  particular,  we  discuss  only  the  influence  of 
coax  length  and  the  location  of  excitation  on  the 
cable. 


Fig.  5.  Magnitude  of  current  on  3m  wire  above 
earth  (2h=3m,  a=. 0022m,  f=50Mhz,  d=5m): 
(a)zg=0,  (b)zq=.75m,  (c)zq=1.25m. 
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Fiq.6.  Magnitude  of  current  on  6m  wire  above 
earth  (2h=6m,  a  =  . 0022m,  f  =  50Mhz,  d=5m): 

(alz q=0,  (b)z9=1.5m,  (c)z,=2.5m. 


fig.  8.  Magnitude  of  current  on  20n  wire  above 
earth  (2h=?0m,  a=. 0022m,  f=50Mhz,  d=5m): 
(a)z,=0,  {b)z,=4.7m. 


Fig.  7.  Magnitude  of  current  on  12m  wire  Fig.  9.  Magnitude  of  current- on  27m  wire  above 

above  earth  [2h=l 2m,  a=. 0022m,  f=S0Mhz,  d=5m):  earth  (2h=27m,  a=. 0022m,  f=50Mhz,  d=5m): 

(a)z,=0,  (b)z,=2.82m,  (c)z,=4.94m.  (a)zg=0,  (b)z,=10.8m. 
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Table  1 


Driving  Point  Impedance  2^  of  Gap-Fed  Drop  Wire 


2h 

case  a 

(Ohms) 

case  b 

case  c 

3m 

6m 

12m 

20m 

27m 

_ 

(116.8,-230.1) 

(2686,2476) 

(2523,2236) 

(851,343.3) 

(246,-424.8) 

(222.1 ,-629.7) 

(131,-151) 

(1550,2794) 

(1495,-12162) 

(1391,2534) 

(475,-7484) 

(161.2,-658) 

(116.8,-5734) 

In  Figs.  10-11  is  illustrated  the  normalized  mag¬ 
nitude  of  the  magnetic  field,  in  the  far  field 

for  a  27m  wire  above  the  earth.  The  normalization 

e"jkr 

factor,  — - ,  determines  the  manner  in  which  the 

r 

magnetic  field  falls  off  with  distance.  The  most 
striking  feature  of  the  far  field  is  its  complex 
structure  which  is  ;uite  unlike  what  one  would  ex¬ 
pect  for  a  short  wire  very  close  to  the  ground.  In 
fact,  for  all  of  the  wire  structures  considered  in 
this  paper,  where  the  distance  between  the  wire  and 
its  image  is  greater  than  a  wavelength,  the  far 
field  is  very  lobate. 


4 


Fig.  11.  Normalized  magnitude  of  Hit  in  the 
far  field  for  27m  wire  above  the  earth  (refer 
Fig.  9,  case  (a)):  $-0°,  9  varies  from  0  to 

90  \ 
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Fig.  12.  Relative  magnitude  of  E  (0,y,z)  in 
the  near  field  for  one  quadrant  for  27m  wire 
above  earth  (refer  Fig.  9,  case  (a)). 


Fig.  10.  Normalized  magnitude  of  H<t  in  the  far 
field  for  27m  wire  above  the  earth  (refer 
Fig.  9,  case  (a)):  8=90%  4>  'aries  from  0°  to 

90°. 


In  Fig.  12  is  presented  a  map  of  the  electric  field, 
EyfO.y^),  in  the  near  field  for  a  27m  wire  above 
earth.  Only  one  quadrant  is  shown.  The  other 
three  quadrants  can  be  deduced  by  inspection  since 
the  current  on  the  wire  for  this  case  is  symmetric 
about  the  center.  The  magnitude  of  the  electric 
field  at  points  (y,z)  is  normalized  so  that  the 
greatest  field  strength  is  "100." 
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Summary 

In  this  paper  the  current  induced  on  the  exterior 
surface  of  a  coaxial  cable  due  to  .1  circumferential 
cap  is  determined  and  the  resulting  exterior  fields 
are  computed.  It  is  determined  that  the  current  and, 
therefore,  exterior  fields  are  stronv.lv  dependent 
on  wire  length  and  gap  location  and  that,  in  general, 
both  the  near  and  far  field  patterns  have  complex 
st  ruetures . 

It  should  be  noted  that  the  representation  of  a 
dropwire  in  a  CATV  network  by  an  isolated  wire  is  a 
rough  approximat ion  at  best.  However,  the  purpose 
of  this  paper  is  to  convey  the  theoretical  scope  of 
the  problem  and  to  gain  insight  into  the  effects  «»f 
various  parameters  and  the  relative  importance  in 
leakage  from  a  coaxial  cable.  To  this  end,  the  use 
of  an  isolated  wire  as  an  approximat ion  is  accepta¬ 
ble. 
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INTERACTION'S.  MECHANICAL  PROPERTIES  AND 
RETENTION  IN  POLYMERIC  WIRE  COATINGS 


H.P.  Schretber 


and 


J.  Cluck lund 


Department  of  Chemical  Engineering 
Ecole  Polvtechnique,  Box  6079, 
Station  A,  Montreal  (Quo,)  H3C  3A7 
The  influence  of  thermodynamic  interactions 
among  components  on  the  mechanical  properties  and 
the  aging  characteristics  of  wire  coating  composi¬ 
tions  was  evaluated.  The  systems  considered 
involve  plasticized  PVC,  and  CaCO^  fillers. 

Inverse  gas  chromatography  (ICC)  was  the  vehicle 
for  the  measurement  of  interaction  parameters,  and 
express  the  strength  of  "specific"  (acid-base) 
interactions  among  the  components  of  the  coating 
over  a  broad  range  of  temperatures.  It  was  shown 
that  the  volumes  of  plasticizers  retained  by  the 
PVC  correlate  with  the  measured  interaction 
parameters.  Similarly,  the  interaction  parameters 
identify  a  CaCO  ^  filler  preferred  for  reinforcing 
rigid  PVC,  and  a  different  CaCO^  filler  for  use  in 
given  PVC-plast icizer  comblnat ions.  The  mechanical 
properties  of  filled  PVC  (up  to  40  phr  CaCO^) ,  and 
particularly  the  ultimate  properties  of  the  com¬ 
pounds,  correlate  with  the  interaction  concepts, 
as  do  property  retention  data  after  accelerated 
aging  of  the  compounds  at  100  C.  It  is  concluded 
that  component  interaction  parameters  may  provide 
useful  guidelines  to  the  formulation  of  coating 
systems  with  superior  properties  and  reduced 
property  losses  due  to  aging. 


INTRODUCTION 

Optimizing  the  properties  of  polymer  compounds 
used  as  wire  and  cable  coatings  remains  a  high 
priority  objective.  One  approach  to  the  desired 
optimization  lies  in  understanding  the  influence 
of  thermodynamic  interactions  among  the  components 
of  a  polymer  coating  on  its  properties,  and  then 
selecting  materials  with  satisfactory  miscibility 
("compacibility").  This  principle  is  generally 
recognized  in  the  organic  coatings  field,  but  its 
embodiment  is  hampered  by  experimental  difficulties 
encountered  in  the  measurement  of  meaningful 
thermodynamic  interaction  parameters.  The  raosj 
widely  used  quantity,  the  solubility  parameter  , 
is  an  unsatisfactory  compromise  in  too  many  cases. 

Clarifying  the  role  of  thermodynamic  inter¬ 
actions  is  the  subject  of  the  present  paper,  which 
is  concerned  with  the  performance  of  filled  , 
plasticized  PVC  compounds,  formulated  for  wire 
coating  applicat ions .  In  this  work,  we  approach 
the  problem  of  interaction  thermodynamics  through 
the  experimental  method  referred  to  as  inverse  gas 
chromatography  (IGC).  ICC  has  been  developed  in 
recent  years  as  a  rapid,  convenient  tool  for  the 
determinat ion  of  thermodynamic  interactions  between 
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a  polymeric,  or  sol  id , ^stat ionary  phase  and  vapor 
at  very  h igh  .  di  1  ut  i on  *"*  .  Subsequent  work  in  our 
laboratories  *  has  extended  the  concept  to  make 
possible  evaluating  the  interaction  between  two 
solids,  or  a  solid  and  a  liquid  component  in  the 
stationary  phase.  The  primary  experimental  datum 
in  ICC,  a  specific  retention  volume  V  ,  can  be 
measured  over  wide  temperature  ranges^and  over  the 
entire  composition  range  in  polymer  blends  or 
polymer-plasticizer  comb inat ions .  Thus,  IGC  has 
the  ability  to  supply  experimental  information 
(V  ),  which  can  be  directly  related  to  the  free 
energy  of  mixing  the  components  of  interest  over 
composition  and  temperature  ranges  important  in 
industrial  uses  of  polymeric  systems. 

An  additional  concept  used  in  tjiisj  work  is  due 
to  recent  proposals  of  Fowkes  et  al  *  .  These 
workers  suggest  that  miscibility  in  polymer 
compounds  is  strongly  related  to  acid-base  inter¬ 
actions.  Thus,  high  "compatibility"  should  occur 
when  strong  acid  and  base  interactions  are  involved 
in  a  formulation.  Poor  compatibility  would  be 
associated  with  the  use  of  materials  which  are  all 
either  acids  of  bases.  In  the  IGC  experiments 
conducted  here,  the  vapors  were  chosen  so  as  to 
represent  typical  acid  and  base  probes.  In  tnis 
manner,  the  V  data  at  once  assign  an  acid-base 
character  to  tf?e  polymer,  the  plasticizers  and  the 
fillers  used,  and  make  possible  a  test  of  the 
relevance  of  acid-base  thermodynamic  interaction 
concepts  to  the  performance  ol  formulations 
implicated  here.  That  performance,  finally,  was 
evaluated  through  stress-strain  curves  and  by 
monitoring  property  retention  following  controlled, 
accelerated  aging  cycles. 

EXPERIMENTAL 

i )  Materials 

The  PVC  sample  used  was  an  Exxon  Canada  Ltd. 
homopolymer  with  a  K  value  of  b7.  The  resin  was 
blended  with  3  phr  dibasic  lead  stabilizer  prior 
to  any  exposure  to  elevated  temperatures. 

Plasticizers  involved  were  di-isooctyl- 
phthalate  (DiOP),  dioctyl  sebacate  (DOS)  and 
trioctyltr iraellitate  (TOTM) .  All  of  these  were 
commercial  grades,  used  as  received.  Two  fillers 
were  used  in  this  work.  Both  of  these  were 
precipitated  CaCO^,  one  sampl e^ (CaCO^)^  having  a 
specific  surface  area  of  3.5  mfc,  the  other  (CaCU  ) 
with  an  area  of  21.2  m  . 
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To  compound  those  ingredients,  a  Brabender 
Plast ioorder  was  employed.  Blends  generally 
containing  20  or  40  phr  plasticizer,  and  20  and 
4u%-wt .  of  filler  were  made  at  190cC  and  30  r.p.m. 

i i )  Procedures 

Gas  chromatography:  Standard  procedures  lor  the 
preparation  of  polymer  or  filler  stat^ogarv  phase 
columns  have  been  described  in  detail*"*  .  In  this 
work,  polymer  and  plasticized  PVC  columns  were 
prepared  by  coating  these  materials  onto  60/80  c*csh 
chromosorb  W  support  from  solutions  in  THF.  Pure 
plasticizers  were  slurried  with  excess  support  to 
make  a  free-flowing  powder  suitable  for  column 
preparation.  The  CaC0„  samples  were  tumble 
blended  with  3  times  their  weight  of  glass  beads 
prior  to  packing.  The  various  IGC  columns  and 
their  compositions  are  given  in  Table  I. 


IGC  experiments  were  conducted  with  t-bucanol 
as  the  characteristic  acid  probe  and  t-bu^yl  amine 
as  the  base.  Retention  times  and  volumes"  were 
measured  in  triplicate  in  the  temperature  range 
30°-90°C,  with  a  repeatability  of  !  2Z.  A 
normalized  acid-base  interaction  number,  ft,  was 
defined  for  each  material  using  the  \  results,  and 


(V°)  /(V®) 

g  a  g  b 


By  this  convention  ft  <  1  for  acidic  stationary 
phases  (since,  hypothetically,  (V  )  would  be 
small),  and  ft  >  1  for  basic  solid!, aas  (V°) 

g  o 

diminishes. 


Compounding  and  property  evaluation:  As 
already  noted,  all  compounding  was  done  on  a 
Brabender  instrument  to  give  wnyl  stocks  contain¬ 
ing  20  and  40  phr  plasticizer,  and  20  or  40%  filler, 
by  weight  of  polymer.  These  materials  were  com¬ 
pression  molded  at  170  C,  and  molds  were  used  to 
cut  specimens  for  stress-strain  testing.  These 
were  carried  out  on  an  tnstron  Tester,  at  20  C, 
and  a  jaw  separation  speed  of  0.3  cm. 
min  .  Data  reported  are  the  averages  of  3 
determinations.  Retention  of  mechanical  properties 
on  aging  was  monitored  by  storing  similar  tensile 
specimens  in  desiccators  under  N^,  and  placing 
these  into  air  ovens  it  100°C,  for  up  to  2  weeks. 


RESULTS  AND  DISCUSSION 


Chromatographic  data 


for  convenience  the  chromatographic  results 
are  summarized  in  terms  of  the  ft  parameter  defined 
above.  Results  are  given  in  Table  II.  A  number  of 
striking  inferences  may  be  drawn  from  this 
tabulation . 


i)  It  is  clear  that  PVC  is  a  strongly  acidic 
substrate,  at  least  in  terms  of  the  hypothesis 
underlying  this  work.  Each  of  the  plasticizers  in 
turn  falls  well  above  ft  =  1.0,  hence  each  is  an 
effective  base,  again  in  tegro^  of  the  Lewis  acid- 
base  concepts  involved  here  *  .  Thus,  each  of  the 
plasticizers  appears  capable  of  significant  acid- 
base  Interaction  with  PVC,  thereby  contributing  to 
the  "compat ib i  1  i ty"  of  each  pair. 


ii)  Using  the  30°C  data  as  a  useful  reference, 
there  are  significant  differences  in  the  ..  values 
of  the  three  palst ic  izers .  Comparing  cols.  2,  8 
and  14  TOTM  is  the  most  "basic'’  of  the  three, 
while  DOS  is  least  so.  Provided  the  strength  of 
polymer-plasticizer  interactions  is  correctly 
reflected  by  the  ft  values  then  the  compat ibi 1 i t y 
of  the  three  with  PVC  should  rank  in  the  descending 
order  »  TOTM  '■  DOP  *  DOS.  Inspection  of  Table  II 
shows  mat  this  "compat ibi 1 i tv  order"  is  maintained 
in  the  investigated  temperature  range. 

iii)  The  ft  values  are  somewhat  T-dependent, 
and  the  variation  is  such  as  to  reduce  the  diffe¬ 
rences  between  acidic  and  basic  materials.  Thus, 
for  the  acidic  PVC,  ..  tends  to  increase  with 
temperature  toward  unity,  while  for  the  plastici¬ 
zers  ..  shows  a  slight  decrease.  This  implies  that 
the  degree  of  "compatibility"  between  polymer/ 
plasticizer  pairs  is  also  temperature  dependent, 
and  that,  in  general,  the  plasticizers  are  more 
highly  compatible  at  lower  temperatures.  In 
other  words,  these  plasticizers  seem  "better"  at 
use  temperatures  than  at  temperatures  used  for 
compounding . 


iv)  The  ft  values  for  the  ZaCO ^  fillers  (cols. 
20,  21,  Table  II)  are  distinct,  suggesting  that 
different  surface  finishes  had  been  applied  to 
these  commercial  products.  On  the  present  basis 
of  rating,  the  surface  of  (CaCO  ,  is  mildly 

acidic,  that  of  (GaC0_)  is  mildly  basic. 

5  b 


The  inferences  of  ft  values  clso  may  be 
illustrated  more  specifically.  As  an  example,  in 
mixed  PVC-plast iei zer  columns,  ft  increases  with 
increasing  plasticizer  content,  the  variation  at 
30  C  being  shown  graphically  in  Figure  1.  In 
each  case,  an  initial,  gradual  increase  in  ft  is 
followed  by  a  much  sharper  increase  at  higher 
plasticization  levels.  Evidently,  the  vapor 
probes,  which  are  sensitive  to  the  surface 
composition  of  the  solid,  detect  a  predominance 
of  plasticizer  molecules  at  these  compositions. 
Assuming  a  total  unccrtaintly  of  10%  in  the  ft 
values  for  plasticized  polymers,  the  ft  of  pure 
DOP  and  DOS  is  attained  in  the  vicinity  of  70-75phr 
of  the  former  and  near  60  phr  of  the  latter 
plasticizer.  The  case  of  TOTM  is  less  certain, 
but  a  similar  occurrence  may  be  inferred  near  the 
85  phr  composition.  Apparently,  then,  there  are 
critical  volumes  (V  )  for  each  PVC-plast icizer 
pair,  below  which  tfte  polymer  and  plasticizer  are 
more  or  less  randomly  distributed,  but  above  which 
an  excess  of  plasticizer  migrates  to  the  surface. 
These  V  values  appear  to  correlate  qualitatively 
with  th£  strength  of  thermodynamic  interactions 


as  expressed  by  ft,  again  decreasing  in  the  order 

ftft-roTM  >  W  >DOP  =*  (Vc>oos-  Inuvi™  °f  the 
temperature  dependence  or  ft,  V  should  decrease 

with  rising  temperature.  This  finding  may  have 
significant  value  in  the  formulation  of  plasticized 


compositions  and  in  interpreting  performance 
variations  of  plasticized  compounds  at  different 


use  temperatures. 


In  a  second  example,  an  attempt  is  made  to 
express  the  magnitude  of  acid-base  pair  inter¬ 
actions  quantitatively  in  terms  of  ft.  No 
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theoretical  basis  exists  for  defining  the  correct 
approach,  but  it  is  reasonable  to  select  the  ratio 
of  ft  values  as  a  possible  procedure.  The  concept 
is  illustrated  in  Figure  2  by  bar  graphs  of  pair 
interactions  at  30  C,  involving  the  three  plastic¬ 
izers.  The  data  in  Figure  2  are  typical  of  the 
entire  T.  range  studied,  though  of  course,  the 
absolute  values  of  ft  ratios  will  decrease  at  higher 
temperatures . 

Two  inferences  in  particular  seem  called  for 
from  Figure  2.  One  concerns  the  relative 
magnitudes  of  PVC  interactions  with  (CaCO^)  and 
(CaCO^)^.  Clearly,  the  latter  pair  is  considerably 
more  strongly  coupled,  the  ft  ratio  being  some  40% 
greater  than  the  corresponding  datum  for  PVC- 
(CaCO^)^.  Since  strong  thermodynamic  interactions 
are  a  requisite  for  getting  and  adhesion  at 
component  boundaries  ,  (CaCO^)^  should  be  the 
better  reinforcing  filler  for  rigid  PVC,  or  for 
formulations  containing  very  small  amounts  of 
plasticizer.  Interfacial  wetting  is  also  an 
important  criterion  for  dispersing  solids  in  a 
polymer  matrix,  hence  (CaCO^)g  should  also  be  more 
readily  dispersed  in  PVC  than  the  less  basic  filler 
sample . 

The  second  inference  touches  on  the  probable 
interaction  balance  in  three-component  systems 
Involving  PVC,  and  the  present  plasticizers  and 
fillers.  Clearly,  in  any  3-coraponent  system,  the 
dominant  pair  interaction  will  be  between  polymer 
and  plasticizer.  Plasticizer/filler  interactions 
appear  to  be  relatively  weak,  but  (CaCO  )^  appears 
to  interact  more  significantly  with  either  DOP  or 
DOS  than  is  the  case  with  (CaC0^)fi.  Hypothet ical Ly , 
then,  these  fluids  will  be  more  successful  in 
wetting  and  dispersing  the  former  filler,  and  this 
should  result  in  more  homogeneous  compounds  than 
when  (CaCO^)  is  involved.  The  balance  of 
interaction  forces  among  the  component  pairs  is 
therefore  more  evenly  distributed  in  systems  with 
(CaCO^)^  than  with  (CaCO  )  .  It  is  not  immediately 
evident  whether  this  will  have  any  bearing  on  the 
mechanical  or  physical  properties  of  filled, 
plasticized  PVC  formulations;  an  empirical  response 
to  these  questions  is  therefore  called  for,  and 
provided,  in  part,  in  the  following  section. 

ii)  Mechanical  properties 


Many  performance  parameters  can  be  drawn  from 
stress-strain  relationships;  in  the  present  case 
the  initial  modulus  (M^)  and  the  elongation  at 
rupture,  were  chosen  to  represent  mechanical 
properties  at  small  and  at  large  deformations. 
These  parameters  are  k^gwn  to  correlate  with  use 
properties  of  polymers 

A  selected  overview  of  p.  data  is  given  in 
Figure  3.  This  must  lead  to  the  conclusion  that 
acid-base  (thermodynamic)  interactions,  at  best, 
play  a  minor  part  in  determining  mechanical 
performance  at  low  deformational  stress.  While 
p.  varies  somewhat  with  plasticizer  choice,  the 
differences  are  not  sufficient  to  permit  a  link 
with  ft  concepts.  The  presence  of  CaCO  obviously 
affects  p.,  and  differences  in  the  performance 
of  the  two  fillers  slightly  favor  (CaCO^)^.  These 


differences  again  are  sl'ght,  however,  and  more 
likely  reflect  the  discrepancy  in  specific  surface 
areas  of  the  two  solids. 


The  characteristics  at  high  deformation  art- 
entire  ly  different,  however.  As  shown  by  the  Par 
graphs  of  Figure  4,  the  elongation  at  rupture 
appears  to  be  sensitive  to  the  thermodynami c  forces 
under  discussion.  This  is  true  in  unfilled  as  well 
as  in  filled  compounds.  The  elongation  of  control, 
unfilled  materials,  both  at  20  and  40  phr  plastic¬ 
ization,  increases  in  the  same  order  as  ratios 
for  the  corresponding  pairs,  i.e.  TOTM  '  DOP  DoS. 
Further,  the  initial  datum  is  sligntiy  but 
reproducibly  greater  for  compounds  with  (CaCO 
than  with  (CaCO-)  ,  both  at  20%  and  40%  loadings 
(Figures  4A  and  4§,  respectively).  This  is 
consistent  with  expectations  stated  above,  that  on 
the  basis  of  ft  ratings,  (CaCO  ) ^  should  be  capable 
of  forming  more  homogeneous  mult i -component  blends 
than  the  more  basic  filler  in  this  pair. 


The  relationship  between  thermodynamic  inter¬ 
actions  (in  this  case  of  the  acid-base  type)  and 
the  mechanical  properties  of  complex  polymer 
compounds  in  extended  by  the  aging  behavior  of 
present  specimens.  The  pertinent  evidence  is 
given  in  the  parts  of  Figure  3,  part  A  showing 
the  per-cent  C,  retained  by  control  samples  aged 
at  100  C.  In  Figure  5B  the  excess  property  loss 
due  to  the  presence  of  filler  is  shown,  again  as 
function  of  exposure  time.  The  excess  property 

loss  Ac.  is  calculated  from 
b 


Ac,  =  (c,  )  .  r 
b  b  pl-f 


(c  ) 

b  pi 


(2) 


where  (£,  )  ^  is  the  %  elongation  retained  after 
given  aging  by  tin-  palsticized  control,  and 
(c, )  .  £  is  the  property  for  the  corresponding 
filled,  plasticized  compound.  For  clarity,  only 
the  compounds  at  40  phr  plasticizer  and  40  wt . Z 
filler  are  represented  in  3B,  but  the  pattern  of 
results  at  other  loading  levels  follows  that  shown. 
It  is  evident  that  in  each  case,  the  addition  of 
CaCO^  filler  accelerates  property  loss  in  the 
compounds.  Equally,  however,  the  performance  of 
compounds  with  (CaCO^)  is  superior,  elongations 
at  break  after  two  weeks’  aging  being  significantly 
greater  than  those  for  specimens  with  (CaCO  )  . 
Hypothet ically ,  loss  of  elongation  is  attributable 
to  the  loss  by  evaporation  of  plasticizer.  Since 
the  vapor  pressures  of  the  three  plasticizers  at 
100°C  rank  in  the  order  DOF  >  DOS  >  TOTM,  it  is 
understandable  that  the  %  retained  elongation  in 
unfilled,  plasticized  compounds  reflects  that 
order.  In  order  to  vaporize,  plasticizer 
molecules  must  migrate  to  a  free  surface,  however. 
The  effect  of  fillers  may  then  be  interpreted  as 
providing  additional  free  paths  for  plasticizer 
transport  from  the  bulk  to  the  surface  of  specimens. 
Evidently,  (CaCO  )  provides  much  greater 
opportunity  for  the  necessary  diffusion  process. 

In  the  present  context,  this  is  attributed  to  the 
"mis-match"  in  interaction  potentials  of  the 
materials  involved.  Since,  according  to  the 
evidence  of  ft  ratios  (Figure  2),  this  mis-match 
is  more  severe  for  (CaCO^)^  than  when  (CaC0^)A  is 
involved,  the  pattern  of  data  in  Figure  3  is 
consistent  with  expectation. 
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An  additional  point  of  consistency  seen  in 
Figure  5  is  the  relatively  low  excess  loss  of 
property  incurred  in  DOS-based,  filled  compounds. 

Of  the  three  palsticizers  used  here,  DOS  is  the 
least  "compatible"  with  PVC,  but  the  interaction 
balance  in  3-component  systems  is  more  equally 
matched  in  DOS-containing  mixtures  than  when  either 
DOP  or  TOTM  is  employed.  We  might  therefore  expect 
these  combinations  to  produce  more  homogeneous 
compounds  with  relatively  superior  property 
retention  than  others  in  this  comparison.  For  the 
present,  a  lack  of  theoretical  guidance  to  a 
quantitative  expression  of  interaction  force 
balances  in  multi-component  systems,  does  not 
permit  further  development  of  this  point. 

Additional  work  is  being  directed  to  this 
objective,  and  to  further  developing  the  usefulness 
of  interaction  concepts  as  a  guide  to  the  formula- 
tion  of  compounds  tailored  to  meet  desired  perform¬ 
ance  norms. 


CONCLUSIONS 

.  Inverse  gas  chromatography  is  a  convenient, 
relatively  simple  experimental  method  for  the 
measurement  of  acid-base  (thermodynamic)  inter¬ 
action  properties  of  polymers,  fillers,  plasticizers 
etc.  involved  in  wire  and  cable  coatings. 

.  Acid-base  interaction  criteria  are  involved  in 
determining  the  plasticizer  volume  which  can  be 
absorbed  by  PVC, 

.  Acid-base  interaction  criteria  may  be  useful 
in  the  selection  of  reinforcing  fillers  (e.g. 

CaC03>  for  PVC, 

.  Elongation  at  break  of  filled,  plasticized  PVC 
compounds  correlates  with  the  balance  of  inter¬ 
action  forces  among  the  components  of  the  formula- 
t  ion, 

.  Property  retention  after  high- temperature 
exposure  also  seems  dependent  on  interaction  force 
balances  in  the  compounds, 

.  Acid-base  interaction  criteria  may  be  useful 
in  formulating  compounds  with  superior  property 
balances  and  durability. 
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TABLE  I 


COMPOSITION  OF  ICC  COLUMNS 

Col.  No.  I3  2b  3  4  5  6  7  8  9  10  11  12  13  14  15  16  1  7  18  19  20°  21c 

PVC  7.9  -  100  100  100  100  100  -  100  100  100  100  100  -  100  100  100  100  100 


DOP  -  100  2  3  41  67  73  95  -  --  --  --  --  --  - 

DOS  -------  100  27  44  53  61  70  -----  - 

rOTM  -------------  100  18  38  57  63  75  - 

(CaC03)A  -  --  --  --  --  --  --  --  --  --  0.931 

(CaC0,)o  -  --  --  --  --  --  --  --  --  --  -  0.815 

J  D 


a)  PVC  concentration  expressed  as  %  polymer  by  weight  of  coated  support. 

b)  In  cols.  2-19  all  compositions  expressed  as  phr. 

c)  Wt.  of  filler  expressed  in  grams 


TABLE  II 

SUMMARY  OF  IGC  DATA  EXPRESSED 


AS  12 

PARAMETER 

Column  No. 

30 

Q 

50 

at 

70 

90°C 

i 

0.33 

0.40 

0.46 

0.50 

2 

2.70 

2.61 

2.61 

2.55 

3 

0.52 

0.58 

0.59 

0.64 

4 

0.97 

1.06 

1.04 

1.10 

5 

2.41 

2.29 

2.20 

2.20 

6 

2.58 

2.  70 

2.55 

2.50 

7 

2.73 

2.57 

2.44 

2.49 

8 

2.06 

1.99 

1.94 

1.90 

9 

0.77 

0.80 

0.83 

- 

10 

1.55 

1.61 

1.66 

- 

a 

1.72 

1.72 

1.81 

- 

12 

1.89 

2.06 

2.00 

- 

13 

1.99 

2.08 

1.96 

- 

14 

2.88 

2.81 

2.80 

2.76 

15 

0.46 

0.49 

0.51 

0.52 

16 

0.  75 

0.80 

0.82 

0.80 

17 

1.33 

1.40 

1.44 

1.46 

18 

1.64 

1 .66 

1.68 

1 .63 

19 

2.26 

2.20 

2.18 

2.18 

20 

0.82 

0.80 

0.79 

0.79 

21 

1.33 

1.20 

1.17 

1.19 
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Figure  1:  Relation  of  interaction  parameter  with 
critical  plasticizer  volume  in  PVC. 


rVC/TTTTV  (JO) 

FvcrroT*  (jowicaco  >  <»o> 
rv</T«TT"  (jniMCaCSj)^  uoi 


Fipure  3:  Initial  modulus  of  filled .plasticized  PVC: 

Effect  of  filler  type  and  concentration . 


Figure  2:  Apparent  pair  interactions  in  filled, 

plasticized  PVC  compounds. (30°  data  base) 


Figure  4A:  Elongation  at  break  for  PVC  compounds; 
20%  load  level . 
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Figure  4B:  As  in  Figure  4A;  40%  load  level. 


Figure  5 


:  A.  Retention  of  elongation  following 
aging  at  100°C;  sensitivity  to  interac¬ 
tion  effects. 

B:  Excess  property  loss  due  to  presence 
of  fillers  in  PVC  aged  at  100°C;  sensi¬ 
tivity  to  interaction  effects. 
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\  . 

J  ABSTRACT 

Early  failure  of  solid  polyethylene  insulation 
jointed  in  above  ground  closures  is  a  serious 
field  problem  in  Australia  in  cables  made  between 
1965-74.  Analysis  has  confirmed  thermal 
oxidation  as  the  cause,  resulting  from  inadequate 
initial  stabilisation  and  rapid  depletion  of 
antioxidant  in  service.  No  failures  have  been 
reported  in  more  recent  insulation  incorporating 
the  current  primary  ant iox idant /metal  deactivator 
systems,  as  used  in  many  other  countries.  However, 
these  systems  are  also  depleted  prematurely,  and 
current  polymers  are  unlikely  to  provide  the 
expected  life.  Several  factors  cause  this 
depletion  of  stabilisers,  including  rapid 
migration  to  the  polymer  surface  due  to 
insolubility  at  all  service  and  polymer  storage 
temperatures,  substantial  extrusion  losses, 
elevated  service  temperatures  and  reaction  with 
colourants.  The  use  of  a  secondary  antioxidant 
appears  beneficial,  and  triple  component 
stabilisation  systems,  with  components  chosen  for 
their  excellent  solubility  and  oxidative 
stability,  are  beiog  evaluated. 

/> 

INTRODUCTION 

Polyethylene  insulated  and  sheathed  telephone 
cable  was  introduced  in  Australia  in  1956.  It 
featured  solid  low  density  polyethylene  (I.DPF.) 
insulated  copper  conductors  in  an  unfilled  core, 
and  was  used  initially  in  sizes  up  to  100  pairs 
in  the  subscribers  distribution  network  only. 

Solid  polyethylene  Insulation  is  currently  used 
in  Australia  in  all  unfilled  distribution  cables, 
which  remain  the  standard  cables  for  all  aerial 
and  urban  underground  distribution  installations, 
and  in  some  tail  cables.  (Cellular  polyethylene 
insulation  is  used  on  filled  cables,  the  standard 
cables  for  the  buried  rural  subscriber  and  minor 
trunk  networks,  and  on  unfilled  underground 
pressurised  junction  and  subscriber  main  cables.) 

In  the  earlier  years  following  its  introduction, 
many  field  problems  occurred  as  a  result  of 
extrusion  pinholes  in  the  insulation.  However, 
the  oxidative  stability  was  never  questioned, 
and  insulation  cracking  was  not  reported  until 
the  mid-1970s.  The  initial  failures  occurred 
in  exposed  (i.e.  non-shcat hed)  insulation  in 
above  ground  joints.  Further  reports  and  analysis 
suggested  thermal  oxidation  as  the  cause,  and  the 
stabilising  system  used  in  the  approved  insulants 
was  changed  in  order  to  overcome  the  problems. 


However,  the  number  of  reports  of  insulation 
cracking  in  the*  earlier  cables  continued  to 
increase,  revealing  that  a  major  problem  existed. 

As  these  reports  came  from  most  areas  of  Australia, 
Telecom  Australia  decided  to  carry  out  a  national 
field  survey  to  characterise  the  extent  and 
features  of  the  problem.  In  conjunction  with 
this  survey,  a  comprehensive  laboratory 
invest  igat  ion  was  undertaken  to  determine  the* 

.  muses  ami  extent  of  stabiliser  losses  in 
insulation,  including  the  earlier  failed 
insulation,  current  production  insulation,  and 
developmental  insulations  containing  varioti s 
experimental  stabiliser  systems. 

HI STORY  0  F_  I NSl ■LAT 1  ON  C RACKING^  PROBLEMS 
Insu 1  ant s  U s ed  I n  Aust ra 1 i a 

The  various  solid  polyethylene  insulants  used  bv 
Telecom  Australia  from  1956  to  the  present  are 
listed  in  Table  1.  Trade  names  of  stabilisers 
have  been  used  for  convenience;  their  chemical 
names  are  listed  in  Table  6.  There  is  some 
uncertainty  about  the  stabil isat ion  of  the  early 
pol\.ners,  and  at  least  some  insulant  was  imported 
prior  to  1963/64.  Prior  to  1976,  Santonox  R, 
in  low  concentrations,  was  the  principal  if  not 
the  sole  stabiliser  in  all  insulants. 

Overseas  Experience  Of  Thermal  Cracking 

The  phenomenon  of  embrittled  solid  polyethelene 
insulation  in  above  ground  pedestals  was  first 
observed  in  the  USA  in  1970  in  the  Bell  network 
and  some  independent  networks  .  Their 
conclusions  were  that  the  embrittlement  of 
insulation  occurring  after  6-10  years*  exposure 
in  above  ground  jointing  pedestals  was  due  tc  tin- 
depletion  of  antioxidant  bv  copper-catalysed 
air-oxidation  at  the  elevated  temperatures 
existing  within  the  enclosures.  It  was  also 
considered  that  the  oxidation  process  was 
accelerated  by  the  presence  of  a  processing  at  '  • 
and  the  pigment  titanium  dioxide  TiO  in  the 
polymer,  and  by  a  reduction  in  the  concent  rat  ion 
of  antioxidant  by  migration  and  by  dissolution  in 
water  condensed  within  the  pedestal. 

As  a  result,  modifications  were  made  in  197 2  to 
the  Bell  System  solid  polyethylene  resins  f»*r 
insulation  of  air-core  cables.  The  stabilisation 
system  was  changed  from  a  single  primarv  (phenol i« 
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TABLE  1  SOLID  POLYETHYLENE  INSULATION  COMPOUNDS  USED  BY  TELECOM  AUSTRALIA 


Suppl ier/ 

Polymer 

Stabi 1 iser 

Nominal 

Period 

Local  (L)  or 

Density 

ME  I 

System 

Stabil iser 

Comments 

Imported  (I) 

(kg/ro‘5) 

(r/  10  min.) 

Concentrat ion 

1956-60 

UCAL/ I? 

918 

2 

Santonox  R 

<  0.052 

1961-63/64 

UCAL/ I? 

918 

2 

Santonox  R 

<  0.057 

Nonox  WSP 

=  0.12? 

1963/64-66 

UCAL/L 

ICI/L 

919 

923 

0.3 

Santonox  R 

0.052 

Provided  a  higher 
Mol.  Wt .  polymer 

1966-76 

UCAL/L 

ICI/L 

926-928 

0.3 

Santonox  R 

0.05  7= 

Density  increased  : 
overcome  pinholes 

1976-82 

ICI/L 

926 

0.3 

Irganox  1010 

0. 12 

Eastman  Inh.  OABH 

0. 1% 

Introduced  to 
overcome  thermo- 

1977/78-82 

UCAL/L 

927 

0.3 

Irganox  1035* 

0,17. 

oxidative  cracking 

Irganox  MD1024 

0.1" 

UCAL  *  Union  Carbide  Australia  Ltd 
ICI  *  ICI  Australia  Pty  Ltd 

*  *  Small  concentrations  of  in-house  processing  stabilisers  also  incorporated. 


type  radical  scavenger)  antioxidant,  Santonox  R, 
to  a  system  with  both  a  primary  antioxidant, 
Irganox  1010,  and  a  copper  deactivator,  Eastman 
Inhibitor  OABH,  to  improve  the  thermo-oxidative 
resistance  of  the  polymer  4.  The  polymer  was 
changed  from  a  920  kg/m3  density  resin  to  one  with 
a  density  of  950  kg/m3  to  improve  physical 
properties  of  the  insulation  such  as  abrasion 
resistance  5.  Alternative  metal  deactivators 
Irganox  MD  1024  and  Ube  MD  have  since  been 
approved.  The  above  two  component  stabiliser 
system  is  also  used  in  the  foam  skin  DEPIC 
insulation  of  filled  cables.  It  is  understood 
that  these  changes  have  resulted  in  an  improvement 
in  life  expectancy  of  exposed  insulation  at 
joints . 

Reports  of  similar  insulation  degradation  in  REA- 
sponsored  cable  networks  ^  followed  soon  after 
the  initial  Bell  reports.  Many  of  the 
independent  US  telephone  companies  and  their 
cable  suppliers  followed  the  Bell  lead  and 
introduced  similar  changes  to  their  stabiliser 
systems . 

The  Australian  Experience 

Some  of  the  initial  faulty  joints  observed  in 
Australia  in  the  mid  1970s  were  returned  from  the 
field  for  inspection.  A  preliminary  analysis 
showed  the  embrittled  unsheathed  insulation  to  be 
depleted  of  Santonox  R,  consistent  with  the 
American  findings.  In  order  to  arrest  the 
manufacture  of  potentially  faulty  insulation,  it 
was  considered  essential  that  the  stabilising 
system  be  changed  immediately.  No  detailed 
laboratory  investigations  were  conducted  at  that 
time.  Instead,  as  the  symptoms  of  the  degradation 
appeared  identical  to  those  observed  several 
years  earlier  by  Bell,  Telecom  Australia  decided 


to  adopt  a  similar  stabilisation  system.  In 
mid  1976  this  change  was  implemented.  In  fact, 
different  stabilisation  systems  were  adopted  by 
the  two  Australian  polymer  suppliers  as  is  shown 
in  Table  1,  to  suit  their  base  polymers.  These 
respective  systems  have  been  used  since  then  for 
both  the  soLid  and  cellular  insulants.  However, 
in  contrast  to  the  Bell  policy ,  no  change  was 
made  to  the  density  of  the  solid  polyethylene. 

Since  that  time,  observations  of  cracked 
insulation  have  continued  to  be  reported  from 
many  parts  of  Australia  in  increasing  numbers. 

The  1978/79  national  fault  analysis  system 
reported  about  2700  faults  in  above  ground  joints 
due  to  degraded  insulation.  These  reports  showed 
a  geographic  dependence  roughly  consistent  with 
the  thermal  environment.  Such  data,  together 
with  the  field  reports  from  various  Australian 
States,  prompted  a  decision  in  1980  to  investigate 
the  problem  in  detail  and  determine  its  severity 
and  any  specific  features. 

NATIONAL  SURVEY  OF  CRACKED  INSULATION 

The  field  survey  7  was  conducted  in  late  1980  in 
all  States  except  Western  Australia.  Joints  wen- 
selected  in  both  known  trouble  areas  and  in  areas 
selected  at  random.  Thus  the  survey  showed  some 
bias  towards  deteriorated  plant. 

The  above  ground  joints  ^  inspected  included  the 
standard  above  ground  jointing  post  (a  f roe¬ 
standing  galvanised  steel  enclosure  similar 
to  the  REA  channel-type  housing  ,  the  pole- 
mounted  untailed  terminal  box  (a  black  LOPE 
closure  for  drop  wire  feeding)  and  various  local 
custom  housings.  Some  underground  openable  joints 
(non-encapsulatcd  plastic  distribution  joints 
housed  in  pits)  were  also  examined. 
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Of  the  200  joints  surveyed,  involving  216  cables, 

the  following  conclusions  were  drawn,  many 

supporting  earlier  US  observations 

i.  M'i  of  all  above  ground  joints  exhibited 
some  cracked  insulation. 

ii.  no  degradation  was  observed  in  the  small 
number  of  underground  joints  inspected. 

iii.  the  jointing  post  and  untailed  terminal  box 
had  similar  incidence  of  embrittled 

insul at  ion. 

iv.  all  failures  observed  were  in  the  end  length 
from  which  the  cable  sheath  had  been 
removed.  No  cracking  was  in  sheathed 

sect  ions . 

v.  pole-mounted  joints  facing  east,  north,  and 
west  showed  higher  fault  incidence  than  those 
facing  south. 

vi.  failures  were  observed  in  all  but  the  most 
southern  State.  Thus  all  failures  occurred 
north  of  38  south  latitude.  However,  in 
the  hottest  State  surveyed,  Queensland,  54^ 
of  joints  were  faulty.  Correspondingly, 
the  cooler  areas  showed  failure  rates  less 
than  the  overall  survey  average.  The  results 
of  ii-vi  indicate  clearly  that  the  degradation 
is  temperature-related. 

vii.  all  insulation  failures  occurred  in  cables 
manufactured  between  1965  and  1974  (see 
Figure  1).  This  graph  suggests  that  age  in 
itself  is  not  a  critical  factor. 

viii. the  failures  showed  a  dependency  on  colour. 
Table  2  presents  the  failure  data  according 
to  the  insulation  colour.  This  is 
separated  into  two  periods  during  which 
different  colour  codes  were  used.  Shown 
are  the  percentages  of  the  total  cracked 
wires  accounted  for  by  each  colour,  and  also 
these  percentages  corrected  for  the  frequency 
of  the  respective  colours  in  the  colour  code 
concerned  (i.e.  weighted  percentages).  The 


70%  7/ K) 


FIGURE  1  DISTRIBUTION  OF  INSULATION  FAULTS 

FROM  FIELD  SURVEY  ACCORDING  TO  YEAR 
OF  MANUFACTURE 


results  show  that  white  and  grey  exhibit  by 
far  the  highest  failure  rate,  and  black  is 
virtually  fault-free.  The  1965-69  period 
also  showed  considerable  blue  faults  7.  It 
is  probable  that  the  blue  pigment  used  during 
the  1965-69  period  contained  free  copper  and 
was  responsible  for  the  considerable  number 
of  faults  in  blue  insulation. 

ix.  some  joints  displayed  both  cracked  and 
uncracked  insulation  and,  upon  analysis, 
showed  no  antioxidant  remaining  in  either 
state.  Only  the  cracked  insulant  exhibited 
a  decrease  in  molecular  weight. 


TABLE  2  INSULATION  CRACKING  ACCORDING  TO  COLOUR  (FIELD  SURVEY  DATA) 


YEAR  OF 
MANUFACTURE 

MEASURE 

DETAILS 

INSULATION  COLOUR 

WHITE 

RED 

BLUE 

ORANGE 

GREEN 

BROWN 

GREY 

BLACK 

TOTAL 

1965-67 

Number  of  Failures 

35 

3 

9 

1 

4 

3 

9 

2 

66 

%  of  Total  Failures 

53 

4.5 

14 

1.5 

6 

4.5 

14 

3 

100 

Rel.  Freq.  in  Colour  Code 

5 

5 

1 

1 

I 

1 

1 

5 

Weighted  %  of  Total  Failures 

21 

2 

26 

3 

12 

9 

26 

1 

100 

1968-74 

Number  of  Failures 

241 

30 

14 

13 

8 

4 

106 

- 

416 

%  of  Total  Failures 

58 

7 

3 

3 

2 

1 

25 

- 

100 

Rel.  Freq.  in  Colour  Code 

5 

5 

2 

2 

2 

2 

2 

- 

Weighted  %  of  Total  Failures 

38 

5 

5 

5 

3 

2 

42 

100 
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x.  excessive  failures  were  observed  in  joints 
where  the  obsolete  practice  of  twisting  the 
two  legs  of  a  pair  together  tightly  at  the 
base  of  the  joint  had  been  carried  out. 

xi.  the  use  of  grease-filled  sleeves  appeared 
to  give  some  protection  to  the  insulation. 

xii.  tin-plated  copper  conductors  used  in  the 
tails  of  in-joint  loading  coils  also  showed 
cracked  Insulation. 

xiii.  partial  fading  of  insulation  in  some  joints 
suggests  that  photochemical  oxidation  may  be 
a  contributory  factor  (neither  type  of 
joint  is  completely  sealed  against  light 
entry).  However,  the  survey  indicated  that 
it  is  at  most  only  a  secondary  factor. 

Ic  is  apparent  in  the  limited  samples  seen  that  no 
cracking  was  observed  in  insulations  incorporating 
the  current  stabilisation  systems. 

As  a  remit  of  this  survey,  a  detailed  laboratory 
program  was  undertaken  to  investigate  the  causes 
and  the  extent  of  stabiliser  losses  in  pre-1976 
insulation,  in  post-1976  insulation  incorporating 
the  two  current  stabiliser  systems,  and  in 
insulation  containing  various  experimental 
stabiliser  systems. 

LABORATORY  ANALYSIS  OF  PRE-1976  CABLE  INSULATION 

The  results  shown  in  Table  3  were  obtained  on 
insulation  from  a  1970  cable  submitted  from 
Toowoomba,  Queensland  because  the  joint  had 
severely  cracked  insulation.  Tests  conducted  on 
all  colours  of  both  the  exposed  (cracked  joint 
area)  and  unexposed  (uncracked  under  sheath) 
insulations  revealed  levels  of  antioxidant 
concentration  so  low  as  to  offer  no  protection  to 
the  polymer  against  oxidation.  This  finding  is 
consistent  with  the  field  experience  that  joints 
fail  in  less  than  two  years  after  being  remade 
from  insulation  previously  protected  by  the  sheath. 

TABLE  3  COMPARISON  OF  EXPOSED  AND  UNEXPOSED 
INSULATION  OF  1970  CABLE 


Insulation 

Colour 

Unexposed 

Insulat ion 

Exposed 

Insulation 

OIT 

t  lc,0°c 
Ai,  02 

minutes 

Residual 
Santonox  R 

%  ra/m 

OIT 

t  »w°c 

Al,  02 

minutes 

Residual 
Santonox  R 

m/m 

White 

6 

0.0043 

<  L 

<0.0005 

Grey 

5 

0.0034 

<1 

<0.0005 

Green 

6 

0.0044 

<1 

<0.0005 

Brown 

8 

0.0021 

<1 

<0.0005 

Blue 

7 

0.0089 

'1 

<0.0005 

Orange 

9 

0.0029 

<1 

<0.0005 

Red 

6 

0.0051 

<1 

<0.0005 

The  period  of  cable  manufacture  in  which  the 
insulation  is  prone  to  the  above  type  of 
premature  failure  by  cracking  was  clearly 
identified  in  the  field  survey  (Figure  1)  as  being 
1965-1974.  It  was  therefore  of  interest  to 
determine  what  difference  exists  between  cables 
made  during  this  period  and  those  made  prior  to 
1965.  Short  lengths  of  cable  were  subsequently 
obtained  for  many  of  the  years  between  the 
introduction  of  plastic  cable  in  1956  and  up  until 
1975.  Table  4  shows  the  results  of  the  tests 
conducted  on  the  white  insulated  wire  taken  from 
beneath  the  sheath  at  least  two  metres  from  the 
end  of  all  cables . 


Stabiliser  Pintail  D,T-' 

Yo.ii  Stabiliser _ _  __  Conccntr  at.n  _ _  Tost 

»>i  Type  Initial  Risidual  ♦  t  * 

Manut .  Present  bv_XRF* _ hv  JJPLC_  . .  Ai,n. 


195b 

SR 

0.0. ’0 

'0.001 

10 

•  1 

1  9  >8 

SR 

0.0:3 

'0.001 

9 

1 

1  ‘M 

SR&WSF 

0.022 

'0.001 

0.04b  Jsfc, 

i  7 

I  <*62 

SKA WSP 

0.019 

•  0.001 

0.054  l-S 

i  3 

19M 

SR&WSF 

0.027 

0.01s 

0.038  4  S 

<7 

19b  3 

SR&WSF 

0.029 

0.015 

0.039  41 

3- 

SR 

- 

0.014 

<. 

8 

1%* 

SR 

0.0*8 

0.008 

lb 

1  1 

19b*. 

SR 

0.0  39 

0 .  Ooi 

1  > 

b 

19b  7 

SR 

0.039 

0.005 

1- 

10 

196$ 

SR 

0.0  39 

0.00b 

1- 

I9b9 

SR 

0.026 

O.OP1 

! 

19b9 

SR 

0.091 

0 . 0u$ 

IS 

1  8 

1970 

SR 

0.02& 

0.004 

IS 

b 

[9’J 

SK 

0.029 

0.001 

20 

9 

197  1 

SR 

0.033 

0.00  3 

lb 

1974 

SR 

u.0  38 

0.004 

4  O 

.  1 

jv.'-v 

S.V 

0.042 

0.012 

4S 

r 

*  i.i  1. 

11  l.it .'ll  froi 

ir.  total  sulphur 

i-i'iKcnt  r.i 

t  ton  d«lormin*-d  h 

v  ic: 

Au*! 

:  rill. *  Otu»r. 

;ii  ions  Ft  v  Ut‘.  u 

sing  X-r.a 

V  f  luOTVSceiKl  to 

ehn iquos . 

It  : 

imludvs  su 

Iphur  prosi'iit  on 

tit**  insular  Ion  surf  act*  '  i 

...  tkv 

ins, 

.ilation  w.i> 

not  vl  nod  ‘ . 

♦  Hu* 

F,  -  valuo  . 

approx  liaat  t*s  tin* 

20*  tail 

un  point.  For  a 

mor»- 

pt<  -  ise  Jef  init  ion  to  R«-t  9 . 


SR  *■  Santonox  K 

WSP  -  Si 'tii'S  WSJ’,  m’v  known  .is  Porman.ix  WSP(Pt>). 

TABLE  4  CHARACTERISTICS  OF  UNEXPOSED  (WHITE) 
INSULATION  TAKEN  FROM  UNDER  SHEATH  OF 
FIELD  CABLES 

The  cables  had  been  manufactured  by  three  cable 
companies  using  polyethylene  from  two  local  and 
one  Japanese  supplier.  Consequently  it  was 
reasoned  that  no  blame  could  be  placed  on  any 
one  of  the  cable  or  polymer  manufacturers. 

Also,  as  faults  were  found  in  cables  made  in 
1965,  the  consequent  change  made  to  the  polymer 
density  in  1966  cannot  be  considered  a  cause  of 
failure. 

The  stabilising  systems  used  in  the  polymer  were 
identified  by  thin  layer  chromatography  (TLC)  and 
the  remaining  stabiliser  concentration  in  the 
insulation  determined  by  high  performance  liquid 
chromatography  (HPLC)  Santonox  R,  a  sulphur- 
containing  antioxidant,  was  found  to  be  present  in 
all  insulations  and  its  initial  concentration 
(i.e.  that  at  the  time  of  compounding  the 
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polyet hv  1  t»nt>)  was  calculated  from  the  total 
sulphur  concentration,  as  determined  by  a 
quantitative  X-ray  fluorescence  technique.  This 
method  is  able  to  account  for  all  sulphur  present, 
he  it  In  the  form  of  unused  Santonox  R  or  its 
breakdown  products.  The  determination  showed 
Santonox  to  he  present  initially  in  very  small 
amounts,  frequently  far  below  the  stated  nominal 
concent  rat  ion  of  0.05*'  at  the  time  of  polymer 
manufacture.  The  residual  Santonox  R 
concentrations  in  all  samples  were  extremely  low. 

Another  major  finding  from  the  cable  analysis 
was  the  presence  of  the  mixed  stabilising  system 
of  Santonox  R  and  Nonox  WSP  in  insulat  ion  made 
between  I9bl-I9t>3.  These  insulat ions  were  in 
good  condition  19-21  years  after  manufacture,  as 
demonstrated  by  excellent  pigtail  test  ‘  and 
oxidation  induction  times  (OIT)  when  compared 
with  th<  results  for  insulation  made  many  years 
later.  The  amount  ot  Nonox  WSP  remaining  in  the 
insulation  0.04')  was  very  high  compared  to 
that  of  Santonox  K  0.015"').  Unfortunately,  no 
analytical  technique  is  available  to  ascertain  the 
concent  rat  ion  of  Nonox  WSP  at  the  time  of  polymer 
manufacture  in  tin*  same  way  as  was  possible  for 
Santonox  R. 

n_Kmnjo_N 

As  the  Santonox  R  component  of  the  double 
antioxidant  system  was  lost  from  the  insulation  to 
the  same  extent  as  in  the  straight  Santonox  R 
svstems,  tin*  better  quality  of  the  insulation 
containing  the  double  system  must  have  been  due  to 
the  Nonox  WSP  component  alone.  It  was  at  first 
thought  that  this  may  have  been  a  result  of  its 
bitter  chemical  efficiency  and  that  smaller 
amounts  wort*  consumed  in  protecting  the  polymer 
during  processing  and  service  life.  However, 
thermal  analysis  conducted  on  LOPE  containing 
these  antioxidants  did  not  support  the  above 
hypothesis  as  the  oxidation  induction  time  (OIT) 
for  Nonox  WSP  was  found  to  be  only  about  half 
that  of  Santonox  R  in  general  agreement  with 
previously  published  data  11 

In  view  of  tin*  ef feet iveness  o;  Santonox  R  in 
controlling  oxidation,  investigations  were 
conducted  to  ascertain  if  the  losses  of 
Santonox  R  were  the  result  of  reactions  with 
other  additives  or  due  to  other  causes,  since 
depletion  of  an  antioxidant  from  polyethylene 
can  occur  by  both  chemical  and  physical 
processes  The  additives  requiring  study 

included  p igments/opac i f iers  and  their  coatings, 
metals  present  as  the  conductor  or  as  contaminants 
in  the  polymer  from  the  product  ion  process, 
and  other  possible  components  of  the  colour 
and  stabiliser  mnsterhatches ,  including 
dispersants  and  low  molecular  weight  polyethylene 
base  polvmers.  Losses  incurred  during  the 
processing  of  polymer  compound  to  Insulation 
on  wire  anti  during  the  storage  of  stabiliser 
masterhatch  and  compounded  polymer  prior  to 
processing  were  also  investigated. 


ANTIOXIDANT  LOSSES  PRIOR  TO  PROCESSING 

As  mentioned  previously,  the  polymer  was 
considerably  anderstabi 1 ised  at  the  time  of 
compounding.  The  familiar  problems  of  ensuring 
that  the  specified  levels  of  antioxidant  are 
included  in  the  compound  have  been  considerable 
over  the  years.  Recent  improvements  in 
measurement  technique  and  equipment  and 

greater  understanding  of  stabiliser  behaviour 
have  done  much  to  overcome  ti.  •  uncertainties. 

However,  it  has  not  been  generally  appreciated 
that  a  significant  loss  of  stabilisers  can  occur 
from  the  stabiliser  roast erbatch  or  from  the 
insulant  from  the  time  of  manufacture  through  to 
extrusion.  It  is  suggested  that  the  loss  may  be 
particularly  rapid  from  the  masterhatch  itself 
due  to  the  high  concentrations  of  stabilisers 
there,  but  no  attempt  has  yet  been  made  to 
verify  this.  However,  the  occurrence  of  losses 
from  the  compound  during  storage  has  been 
ver i f  iod . 

The  results  in  Table  5  show  that  the  concentration 
of  some  antioxidants  in  polymers  stored  in  a 
laboratory  at  room  temperature,  whether  in  the 
dark  or  exposed  to  light,  diminishes  at  an 
alarmingly  fast  rate. 


TABLE  5  LOSS  OF  ANT  I  OX  IT  .'FIT  FROM  POLYETHYLENE 
STORED  IN  THE  LABORATORY 


c  .  Time  period  Loss  during 

^  Antioxidant  stored  storage 

in  in 

dark  light 

months  7  7, 


1 

Santonox  R 

28 

47 

2 

Santonox  R 

28 

38 

1 

Irganox  1010 

37 

34 

4 

Irganox  1010 

37 

48 

5 

Irganox  1010 

37 

47 

b 

Irganox  1010 

37 

52 

7 

Irganox  1010 

38 

57 

8 

Irganox  1010 

12 

24  4 

8 

Irganox  1010 

21 

38  i 

8 

Irganox  1010 

42 

89  * 

i  Ref.  15 


It  is  suggest*. 2  chat  the  major  cause  of  such 
rapid  loss  under  relatively  moderate  conditions 
is  migration  of  the  antioxidant  to  the  polymer 
surface,  where  it  is  lost  to  the  system. 
Stabiliser  migration,  and  investigations  to 
identify  high  solubility  stabilisers,  are 
discussed  in  detail  later  in  this  paper. 
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ANT I OX I PANT  LOSSES  DURING  PROCESSING 


Stabilisers  are  added  to  polymers  for  various 
reasons,  one  of  which  is  to  protect  the  polymer 
during  processing.  In  the  insulating  process, 
the  polymer  is  subjected  to  very  high  shear 
stress  ar.  *  temperature  conditions.  The  amount 
of  stabiliser  consumed  in  chemical  protection  or 
lost  by  physical  means  (volatilisation)  depends 
to  a  very  large  extent  on  the  extrusion  machine 
and  operating  conditions 

In  order  to  determine  whether  the  loss  of  the 
primary  antioxidant  was  significant  in  cables 
supplied  to  Telecom  Australia,  an  analysis  was 
carried  out  in  1979  of  samples  of  insulated 
wire  and  insulant  pellets  obtained  from  all 
three  Australian  cable  manufacturers  using  the 
current  approved  commercial  compounds.  It  was 
found  that  the  loss  of  antioxidant  was  as  high 
as  43,'!,  with  an  average  loss  of  267.  for  all 
samples.  The  cellular  insulant  (MDPE)  generally 
exhibited  much  higher  losses  than  the  solid 
compounds.  Sheath  samples  were  similarly 
analysed  and  the  loss  of  stabiliser  (Santonox  R) 
averaged  15%. 

In  late  1980,  an  investigation  was  conducted  with 
the  three  Australian  cable  manufacturers  using 
four  specially  prepared  compounds,  each 
incorporating  a  different  secondary  antioxidant 
in  addition  to  the  normal  dual  component 
stabiliser  system,  to  ascertain  the  effect  of  the 
additional  antioxidant  in  controlling  the  loss 
of  the  primary  antioxidant  during  extrusion.  The 
results,  shown  in  Figure  2,  reveal  that  an  average 
of  34%  of  the  primary  antioxidant  was  lost,  with 
the  maximum  being  54%.  Also,  it  can  be  seen  that, 
with  each  manufacturer ,  less  primary  antioxidant 
was  lost  when  BHT  or  PEPQ  was  included  as  the 
third  component  than  was  lost  from  the  other  two 
triple  stabilised  compounds. 


pi  :  «c»  >i<  pi-,. 

»  w  * »  i;  • 


FIGURE  2  LOSS  OF  ANTIOXIDANT  ( IRGANOX  1010) 

INSULATION  EXTRUDED  BY  DIFFERENT  CABLE 
COMPANIES  (1980/81). 


In  1981,  samples  of  granules  and  insulation  (HOPE, 
stabi'ised  with  Irganox  1010/lrganox  MD  1024)  were 
obtained  from  a  Japanese  cable  manufacturer  for 
a  similar  evaluation  to  verify  that  the 
considerable  processing  losses  were  not  a  local 
phenomenon.  Although  the  solid  insulation  showed 
quite  acceptable  losses  of  antioxidant  (■'15%), 
the  cellular  insulation  show  .u  losses  of  46%.  The 
losses  of  the  metal  deactivator  were  considerably 
higher  in  both  cases. 


That  extruder  losses  were  not  being  monitored  by 
any  of  the  overseas  cable  companies  visited  by 
one  of  the  authors  during  1981  was  therefore  a 
great  surprise.  The  assumption  being  made  by 
manufacturers  was  that  an  adequate  proportion  of 
a  nominated  concentration  of  stabiliser  in  an 
approved  polymer  would  always  be  present  aftei 
processing! 


Because  of  the  magnitude  of  these  extrusion  losses 
the  use  of  a  secondary  antioxidant  was  proposed. 

It  is  now  accepted  general  1-y  that  an  effective 
primary  antioxidant  of  high  molecular  weight  and 
low  vela ti tv  in  combination  with  a  metal 
deactivator  in  appropriate  concentrations  are 
required  in  order  to  obtain  even  moderate 
insulation  lifetimes  However,  the  need 

for  a  secondary  antioxidant  (hydroperoxide 
decomposer)  is  not  widely  accepted.  In  addition 
to  interrupting  the  degradative  cycle  associated 
with  the  decomposition  of  the  hydroperoxides  in 
the  on-going  oxidation  mechanism,  an  effective- 
secondary  antioxidant  should  also  limit  the 
consumption  of  the  primary  antioxidant,  during 
extrusion,  and  prevent  crosslinking  of  radical 
formations  or  chain  scission,  thus  maintaining 
acceptable  insulation  surface  finish  and 
mechanical  properties 


17-n 


The  results  in  Figure  2  are  in  general  agreement 
with  those  of  Swasey  In  that  work,  BHT  was 

found  to  be  as  good  a  processing  stabiliser  as  the 
phenols,  whilst  DLTDP  proved  ineffective.  However 
PEPQ  performed  extremely  well  in  evaluations, 
showing  a  marked  synergistic  effect  on  both 
processing  stability  and  long  term  stability  when 
used  in  conjunction  with  a  phenolic  antioxidant. 
BHT  showed  no  such  synergism  with  the  phenols. 

Some  of  the  organic  phosphites  have  also 
demonstrated  considerable  synergism  with  the 
phenols  in  extending  processing  stability 

In  spite  of  more  recent  investigations  demon¬ 
strating  that  processing  losses  at  Company  C  can 
be  reduced  to  10-15%  with  reduced  extruder  shear 
and  tighter  machine  controls,  such  as  improved 
temperature  profiles,  it  is  believed  that  the  use 
of  an  effective  secondary  antioxidant  is  worthwhil 
For  the  reasons  given  and  also  because  BHT  can 
discolour  the  polymer  and  has  no  long  term 
stability  due  to  its  volatility,  Sandostab  PEPQ 
was  chosen  as  the  secondary  antioxidant  for  use 
in  compounds  for  the  migration  evaluations  of 
developmental  stabiliser  systems. 
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Our  studies  have  demonstrated  the  need  to  specify 
not  only  the  stabiliser  type,  but  its  content  in 
the  polymer  after  processing  onto  wire.  This  must 
be  ot  a  level  Sufficient  to  provide  a  minimum  life 
of  40  years  under  all  service  conditions.  To  meet 
this  requirement,  the  cable  manufacturer  must 
ensure  optimum  extrusion  conditions  for  compounds 
containing  a  sufficient  extra  amount  of  stabiliser 
f o  provide  the  specified  concentration  after 
process ing. 

MIGRATION  OF  STABILISERS 

The  performance  of  an  antioxidant  in  protecting 
polyethylene  from  oxidation  is  a  function  of  its 
solubility  in  polyethylene  over  the  servire 
temperature  range,  its  tendency  to  diffuse  or 
migrate  out  of  the  pol  .tk  its  chemical 
effectiveness  in  countering  the  degradation 
reactions,  its  volaliI’.>,  and  of  the  polymer 
itself.  Moisan  *-  *  claims  that  the  solubility  is 
the  most  important  property  in  deltrmining  the 
long  term  stability.  Predictably,  solubility  and 
migration  are  intimately  related. 

Migration  of  antioxidants  from  Dolvethylene  has 
been  studied  by  many  people  3,11-13,*:  1,22  but  as 
stated  by  Roc  it  appears  that  the  "physical 
depletion  of  additives  from  polyolefins  ....  has 
not  been  given  the  proper  attention  that  it 
deserves".  The  migration  of  stabilisers  from  low 
and  medium  density  polyethylene  was  investigated 
by  us  as  a  function  of  both  temperature  and  time, 
initially  using  moulded  plaques  and  later  using 
insulation  on  copper  wire. 

Relationship  between  migration  and  temperature 

The  degree  to  which  a  stabiliser  diffuses  to  the 
polymer  surface  is  related  to  its  solubility  in  the 
polymer  and  hence  is  dependent  upon  temperature 

The  relationship  between  migration  and  temperature 
was  studied  using  a  919  kg/m3  density  polyethylene 
(UCAL  DFDL  6005  unstabilised)  as  the  base  resin 
into  which  the  stabilisers  given  in  Figure  3  were 
incorporated  in  masterbatch  form  on  a  two-roll 
mill.  0.5  mm  thick  plaques  were  pressed  at 
I65°C  from  the  crepe  produced.  The  plaques  were 
aged  in  air-circulating  ovens  at  temperatures 
of  23,  40,  60,  80  and  100°C  each  for  28  days.  The 
amount  of  exudate  on  the  plaque  surfaces  was 
determined  before  and  after  ageing  at  each  of 
these  temperatures  by  immeVsing  the  plaque, 

30  times  in  30  seconds,  in  acetone  (containing 
10%  v/v  dimethyl  formamide  when  determining  the 
migration  of  Eastman  Inhibitor  OABH)  followed  by 
a  wash  and  finally  a  wipe  with  cotton-wool  wetted 
with  a  fresh  amount  of  the  same  solvent  type. 

The  stabiliser  content  in  the  "wash*'  was 
determined  by  HPLC  and  the  amount  of  stabiliser 
migration  expressed  as  a  percentage  of  the  total 
stabiliser  initially  present  in  the  sample. 


The  results  are  presented  in  Figure  3  from  which 
it  can  be  observed  that  Nonox  WSP  and  Eastman 
Inhibitor  OABH  did  not  migrate  at  any  test 
temperature  and  that  maximum  migration  occurred 
at  60°C  for  4  out  of  the  5  stabilisers  that  did 
show  migration  tendencies. 


FIGURE  3  MIGRATION  OF  STm>iLISERS  AFTER  28 
DAYS  AT  VARIOUS  TEMPERATURES. 

It  should  be  noted  that  the  above  results  are 
based  on  stabiliser  concentrations  of  approximate] 
0.1%  in  LDPE.  Different  concentrations  may 
result  in  different  migration  behaviour,  this 
being  determined  by  the  solubility  of  the 
stabiliser  in  the  polymer.  Once  the  concentration 
exceeds  the  solubility  limit  of  that  stabiliser 
at  a  particular  temperature,  the  stabiliser  will 
exude  until  eventually  it  does  not  exceed  that 
limit  at  that  temperature  (see  Figure  6). 

The  maximum  value  at  60°C  for  Santonox  R  agrees 
with  Howard's  conclusion  3  that  migration  of 
Santonox  R  is  most  prominent  in  the  region  of 
approximately  50-70  C.  60  C  is  also  close  to  the 
maximum  temperature  found  in  current  above  ground 
joint  enclosures.  Although  it  was  recognised 
that  60  C  favoured  Irganox  1035  which  migrates 
at  lower  temperatures,  it  was  considered  to  be 
the  temperature  best  suited  for  a  single  point 
determination.  The  investigation  of  the 
relationship  between  migration  and  time  was 
therefore  conducted  at  this  temperature. 

Relationship  between  migration  and  tim<. 

This  study  was  conducted  in  two  parts.  Firstly, 
an  investigation  was  carried  out  of  the 
migration  behaviour  of  4  primary  antioxidants  and 
2  metal  dcaetivators  from  0.5  mm  thick  plaques 
of  919  kg/m3  polyethylene.  Each  antioxidant  was 
used  in  a  set  of  3  systems:  either  as  the  sole 
antioxidant  or  combined  with  each  of  the  two 
metal  deactivators.  The  secondary  antioxidant. 
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Sandostab  P-EPQ,  was  added  to  the  systems 
containing  the  metal  deactivators.  Various  colour 
masterbatches  were  used  within  each  system,  making 
a  total  of  39  plaques  evaluated.  Measurement  of 
any  migrated  primary  antioxidant  or  metal 
deactivator  was  determined  before  and  after 
ageing  at  60  C  for  36  and  72  days*  by  the  same 
technique  as  described  earlier.  No  attempt  was 
made  to  determine  Sandostab  P-EPQ,  as  energy 
dispersive  X-ray  analysis  techniques  indicated 
Sandostab  P-EPQ  was  not  present  on  the  surface 
of  the  plaques  before  or  after  either  ageing 
period,  and  it  was  therefore  assumed  to  be 
non -migratory . 

The  most  important  results  5  arising  from  the 
plaque  tests  were  that  Nonox  WSP,  irganox  1033, 
and  Eastman  Inhibitor  OABH  showed  negligible 
migration  at  60  C  even  after  72  days,  whilst 
Irganox  MD  1024  migrated  rapidly.  Santonox  R  .and 
Irganox  1010,  used  on  their  own,  also  migrated 
readily.  However,  in  combination  with  other 
stabilisers,  the  migration  of  Santonox  R  decreased 
whilst  that  of  Irganox  1010  increased.  Except  for 
those  stabilisers  that  migrated  very  rapidly,  the 
quantity  of  exudate  detected  after  72  days  ageing 
was  often  approximately  double  that  for  the  36  day 
period.  The  addition  of  colour  masterbatch 
appeared  to  have  no  effect  on  the  migration 
behaviour  of  any  system. 

The  second  part  of  the  study  was  to  ascertain  if 
the  geometry,  polymer  morphology,  or  copper  wire 
contact  altered  the  behaviour  pattern  of  the 
stabilisers.  The  same  4  antioxidants  as  before, 
combined  with  Eastman  Inhibitor  OABH  and 
Sandostab  P-EPQ,  were  incorporated  into  the  two 
approved  926/7  kg/m3  base  polyethylenes  and 
extruded  as  insulation  on  wire.  Also  evaluated 
were  the  two  currently  used  solid  insulating  grade 
polyethylenes  from  the  same  two  companies 
(see  Table  1).  As  before,  the  incorporation  of 
various  colour  concentrates  was  followed,  making 
a  total  of  32  insulated  wires  examined. 


FIGURE  4  MIGRATION  OF  PRIMARY  ANTIOXIDANT  FROM 
POLYETHYLENE  INSULATED  WIRE  CONTAINING 
VARIOUS  STABILISING  SYSTEMS 


FIGURE  5  MIGRATION  OF  METAL  DEACTIVATOR  FROM 

POLYETHYLENE  INSULATED  WIRE  CONTAINING 
VARIOUS  STABILISING  SYSTEMS 


The  results  for  migration  from  the  insulation 
are  given  in  Figures  4  and  5.  Wlien  compared  with 
the  plaque  results,  several  differences  are 
apparent  for  which  no  technical  explanations  can 
yet  be  offered,  although  the  different  polymer 
densities  of  the  plaques  and  insulation  may  be  a 
factor.  The  significant  differences  are  (i)  an 
increase  in  the  migration  of  Santonox  R  when  in 
the  presence  of  Eastman  Inhibitor  OABH,  (ii) 
migration  of  Eastman  Inhibitor  OABH  from  black 
insulation  and  (iii)  a  decrease  in  the  los:  of 
MD  1024  when  combined  with  Irganox  1035. 

In  contrast  to  Figure  4  which  expresses  the 
percentage  of  antioxidant  rejected  by  the  polymers 
during  ageing  at  60  C,  Figure  6  shows  the  amount 
of  antioxidant  retained  in  the  same  two  polymers 
after  several  months  at  60°C.  These  values  are 
in  good  agreement  with  the  solubility  data  of 
Moisan  ^  determined  at  the  same  temperature. 


A  NT  IQX  CANT 


SOLUBILITY  AT  60 l REF  11' 
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RGANCX  1010  iN  iCi  PE  « 
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FIGURE  6  PERCENT  ANTIOXIDANT  RETAINED  BY 
INSULATED  WIRE  AGED  AT  60°C 
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Accelerated  Age ing  Test ing 

The  migration  results  have  demonstrated  a  major 
reason  for  inaccuracies  in  life  prediction  when 
accelerated  ageing  tests  (OIT,  oxygen  uptake, 
pigtail,  or  elongation  testing)  are  conducted  at 
temperatures  well  above  the  actual  service 
temperatures  3,1.7,13^  Hence  any  accelerated 
ageing  test  of  insulation  containing  migratory 
stabilisers  must  incorporate  a  pre-conditioning 
program  of  forced  migration  prior  to  ageing, 
carried  out  at  that  temperature  within  the 
service  temperature  range  at  which  maximum 
migration  occurs  for  the  particular  stabiliser 
system  used.  This  ensures  that  the  stabiliser 
concentration  at  the  commencement  of  the  ageing 
test  does  not  exceed  the  effective  net 
concentration  during  initial  service.  With 
non-migratory  stabilisers,  the  forced  migration 
step  becomes  unnecessary. 

Some  ageing  tests  have  been  completed  on 
insulated  wire  containing  several  of  the  above 
stabiliser  systems.  These  samples  were 
pre-conditioned  at  60  C  for  70  days,  then  the 
surfaces  were  wiped  prior  to  ageing  at  100  C. 

Three  measures  of  degradation  have  been  used  in 
these  tests  :  OIT  (on  straight  insulation), 
cracking  stability  (on  insulation  pigtails), 
and  elongation  at  break  (on  straight  insulation). 
These  measures  have  yielded  inconsistent  results. 
No  pigtails  cracked,  even  after  prolonged  ageing 
such  that  the  elongation  and  OIT  values  of 
similarly  aged  samples  were  both  drastically 
reduced  to  unacceptable  levels.  Also,  the 
elongation  and  OIT  results  did  not  correlate  : 
although  the  OXT  reduced  with  age,  many  samples 
with  low  elongation  showed  much  higher  OIT  values 
than  did  other  samples  with  greater  elongation. 
This  was  true  where  the  samples  were  different 
base  polymers,  and  where  the  samples  were  of  the 
same  base  polymer  but  incorporated  different 
stabiliser  systems. 

This  was  also  observed  in  the  field  samples  listed 
in  Table  4  :  the  OIT  and  pigtail  results  showed 
no  uniform  correlation  with  the  residual 
antioxidant  concentrations  or  with  each  other. 

When  a  joint  is  re-entered,  the  insulation  is 
subjected  to  dynamic  stressing,  and  it  must  be 
elastic  to  survive.  Pigtail  tests  do  not  imitate 
this  stressing.  Consequently,  pigtail  tests  can 
give  optimistic  results,  as  observed  above. 

Elongation  appears  the  most  realistic  measure  of 
degradation,  as  it  involves  the  transient 
stressing  of  the  aged  material.  It  is 
particularly  appropriate  for  HDPE  testing  a>  it 
is  claimed  23  that  such  polymer  cracks  before  it 
oxidises . 

Figure  7  shows  the  results  of  ageing  tests 
performed  on  MDPE  base  polymers  from  two 
suppliers  containing  two  different  stabiliser 
systems.  The  different  performances  of  the 
stabiliser  systems  can  be  observed.  However, 


the  most  substantial  difference  is  that  one 
polymer  appears  to  be  clearly  superior  to  the 
other.  This  may  be  due  to  polymer  morphology 

-  molecular  weight  distribution,  type  and  number 
of  branch  chains,  degree  of  unsaturation  etc. 

-  and/or  metal  contamination.  Further  work  is 
being  performed  to  explore  the  polymer 
contribution  to  ageing  performance  as  well  as  the 
stabiliser  system  and  colour  contribution. 


2  ... 

c  sc  :oe  -sc  20c 

AGEING  PERIOD  DAYS. 


FIGURE  7  ACCELERATED  AGEING  OF  EXPERIMENTAL 
STABILISER  SYSTEMS 


DEPLETION  OF  ANTIOXIDANTS  BY  PIGMENTS 
AND  OTHER  POLYMER  ADDITIVES 

The  field  survey  data  on  colour  dependency  of 
failure  (Table  2)  indicated  that  white  and  grey 
insulation  were  the  most  readily  degraded 
colours,  accounting  for  more  than  75%  of  all 
failures  (after  weighting  the  results  to  allow 
for  the  relative  frequency  of  appearance  of  the 
colours  in  the  colour  code).  As  all  colour 
concentrates  have  been  obtained  almost  exclusively 
from  the  one  manufacturer  since  1956,  the  only 
possible  difference  between  the  white  and  grey 
insulation  and  the  other  colours  was  the  Ti02 
content.  This  was  40%  and  30%  for  white  and 
grey  respectively  compared  to  an  average  value 
of  10%  for  green,  orange,  blue  and  brown.  Red 
and  black  contained  no  TiOo  prior  to  1974. 

It  is  well  documented  24~26  that  reactions  occur 
between  primary  antioxidants  "  (phenols,  amines) 
and  the  reactive  hydroxyl  groups  of  TiOj  pigment 
created  as  a  result  of  rhe  manufacturing  process. 
These  hydroxyl  groups  ear  on  the  ed^es  of  the 
surface  crazing  of  the  Ti02  particles  t7.  Attempts 
to  reduce  the  reactivity  of  the  hydroxyl  sites  by 
applying  3  nm  thick  coatings  of  various  metal 
hydrous  oxides  has  been  only  partially  successful 
since  the  coatings  are  never  completely 
homogeneous.  However,  these  coatings  are  also 
believed  to  react  with  antioxidant  No  zinc  or 
zirconium  oxide  coatings  have  been  used  in  the 
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titanium  pigments  supplied  (from  one  manufacturer 
only)  for  Telecom  masterbatches  to  date.  Silicon 
and  aluminium  oxide  coatings  have,  however,  been 
employed  extensively  in  these  coatings,  together 
with  some  organic  coating  compounds  in  post-1967 
pigment.  Generally,  the  cable  industry  has  not 
recognised  that  such  reactions  occur,  and  they 
should  be  considered  when  selecting  pigments  and 
ant ioxidants. 

Thus,  in  the  faults  surveyed,  it  is  highly 
probable  that  a  Santonox  R/T102  reaction  occurred. 
Since  the  white  and  grey  insulations  have  greater 
loadings  of  Ti02  than  the  other  colours,  higher 
reaction  losses  of  Santonox  R  resulted.  This 
left  a  lower  concentration  of  Santonox  R  available 
to  protect  the  polymer  against  oxidation,  causing 
earlier  degradation.  Conversely,  the  good 
performance  of  black  insulation  (pre-1968  cables) 
could  be  attributed  to  the  absence  of  Ti02»  since 
the  small  amount  of  carbon  black  present  would 
have  provided  little  protection  from  oxidative 
attack. 


It  is  believed  that  the  other  inorganic  pigments 
used  in  masterbatches,  particularly  heavy  metal 
pigments,  may  also  react  with  antioxidants  in  a 
similar  manner  to  Ti(>2»  though  possibly  at  a 
slower  rate  .  In  addition,  at  least  some  of 
these  pigments  are  coated  with  similar  hydrous 
oxides  to  those  on  Ti02  to  improve  stability. 

These  coatings  also  prevent  agglomeration  of  the 
finely  divided  small  pigment  particles.  Thus 
these  coatings,  too,  can  consume  the  stabiliser/s. 


Siloxane  is  also  commonly  used  as  a  lubricant  or 
dispersing  agent  in  pigment  manufacture,  and 
metal  stearates  are  often  used  in  colour 
masterbatch  preparation  to  aid  dispersion  of  the 
particles  throughout  the  polymer  on  which  the 
masterbatch  is  based.  Metal  stearates  and 
siloxane  react  with  phenolic  antioxidants  24’25. 
Fortunately,  no  metal  stearates  or  other  lubricants, 
including  low  molecular  weight  PE  waxes,  are 
used  in  either  Telecom's  colour  masterbatches  or 
stabiliser  masterbatches.  Only  a  minimal  amount 
of  siloxane  ( <0 . 5% )  is  present  in  the  currently 
used  titanium  pigment. 


Active  metals  can  also  be  present  in  the  insulant 
as  catalyst  residues  of  the  polymerisation  process, 
and  can  degrade  the  insulant  stability  16. 

However,  the  approved  Australian  insulants  are 
produced  by  processes  in  which  the  catalyst 
residue  levels  are  not  considered  significant. 


CORRECTIVE  FIELD  PRACTICES  AND  HARDWARE 


The  obvious  and  possibly  most  effective  solution 
to  thermal  degradation  of  insulation  is  to  place 
all  cable  joints  underground.  However,  this  is 
not  attractive  in  many  Australian  rural  areas  for 
several  reasons.  Therefore  alternative  techniques 
need  to  be  considered  to  minimise  degradation  in 
both  existing  and  new  above  ground  installations. 

Since  the  laboratory  analysis  confirmed  that 
sheathed  insulation  adjacent  to  a  degraded  joint 
is  virtually  exhausted  of  antioxidant,  little 


benefit  is  gained  by  stripping  back  the  sheath 
and  remaking  the  joint.  It  appears  necessary  to 
replace  the  affected  cable/s  back  to  the  nearest 
underground  joint.  This  may  be  a  new  under¬ 
ground  joint  installed  at  the  base  of  the  pole 
or  jointing  post  to  limit  the  length  of  cable 
to  be  replaced.  Encapsulation  of  joints, 
whether  degraded  or  satisfactory,  is  not  an 
option  as  complete  encapsulation  is  not  practiced 
in  Australia. 

Colour  -  related  changes  are  also  being 
considered.  These  include  the  adoption  of  a 
colour  code  based  on  the  suscept ibil ity  of  the 
colours  to  oxidation,  the  reduction  of 
masterbatch  concentrat ions  to  a  minimum  level 
required  for  correct  colour  identification, 
the  acceptance  of  some  degree  of  translucency 
in  the  insulant  colours,  and  the  relaxation 
of  the  colour  standard  limits  specified  on 
production  insulation.  Understandably, 
however,  decisions  on  these  aspects  cannot  be 
made  until  the  analytical  work  planned  for 
colour  masterbatches  and  pigments  is  completed 
and  the  most  suitable  masterbatches  for  our 
insulants  are  identified. 

The  field  survey  indicated  that  the  insulation 
cracking  was  temperature  related.  Loss  of 
antioxidant  by  physical  and  chemical  processes 
mentioned  previously  is  also  temperature 
dependent.  Therefore  temperature  recording  sites 
were  estabilished  recently  to  measure  the  thermal 
conditions  of  joints  over  an  extended  period. 

The  recording  sites  are  near  Mt.  Isa,  Queensland 
(a  HOT  DRY  climate,  21st  parallel  south  latitude) 
and  at  Melbourne,  Victoria  (a  TEMPERATE  MOIST 
climate,  38th  parallel  south  latitude)  (Koppen's 
Climatic  Classification).  These  climates 
reasonably  bracket  the  range  of  climates 
encountered  by  the  cable  network  in  Australia. 

The  limited  data  °  indicate  that  temperatures  up 
to  15  C  higher  and  10  C  higher  than  ambient  shade 
temperature  are  reached  inside  the  standard 
terminal  box  and  jointing  post  respectively,  the 
difference  increasing  with  the  ambient  temperature. 
However,  the  use  of  white  plastic  covers  or  over¬ 
covers  on  these  enclosures  reduced  the  maximum 
temperatures  inside  the  joints  substantially.  They 
also  reduced  the  daily  temperature  fluctuations, 
thus  verifying  their  insulating  effect.  No  further 
significant  reduction  appears  to  be  gained  by 
venting  the  white  covers,  though  some  small 
improvement  is  obtained  by  venting  the  standard 
enclosures.  Therefore,  the  design  and  use  of 
white  covers  is  being  examined.  Rigid  PVC  pipe 
overcovers  are  already  a  standard  item  for  use  on 
above  ground  jointing  posts  in  some  rural  areas  to 
prevent  cable  damage  during  grass  fires.  However, 
they  are  unlikely  to  be  considered  suitable  for 
use  in  suburban  locations. 

The  use  of  aliphatic  polyurethane  and  butyl  rubber 
insulation  restoring  sprays  40  and  restabilising 
sprays  29  are  not  considered  viable  treatments. 

The  mechanism  of  stabiliser  migration  to  the 
insulation  surface  is  likely  to  prevent 
restabilisation  by  spraying.  At  best,  these 
approaches  will  extend  the  life  of  non-cracked 
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insulation  by  a  relatively  short  time.  Additionally, 
their  use  raises  significant  occupational  safety 
and  health  concerns  for  field  staff. 

Thick  foam  cover  bags  for  joints  are  claimed  ^ 
to  provide  some  thermal  protection  to  the 
insulation.  However,  moisture  condensation  in  the 
bag  and  periodic  low  insulation  resistance  - 
related  faults  can  be  a  feature  of  those  bags. 

SUMMARY 

Insulation  of  Cables  Manufactured  prior  to  197b 

Our  investigations  have  shown  that  the  premature 
degradation  of  the  polyethylene  insulation  of 
cables  manufactured  during  the  period  1965-1974 
has  been  confined  to  installat ions  in  above  ground 
joint  enclosures,  and  was  caused  by  thermo¬ 
oxidation,  resulting  primarily  from  insufficient 
and  hence  ineffective  antioxidant  (Santonox  R) 
content.  The  low  concentrat ion  of  antioxidant 
detected  experimentally  has  been  caused  by  a 
number  of  interacting  factors.  The  nominal  0.05% 
concentration  in  the  unprocessed  compound  has  been 
shown  to  be  clearly  too  low  for  the  intended 
application,  even  it  the  claimed  concentration  was 
ever  present  in  the  finished  product.  Our 
measurements  indicate  that  the  true  figure  since 
1963  was  on  average  about  two  thirds  of  the  claimed 
value.  It  is  also  now  clear  that  further  Santonox 
R  losses  must  have  occurred  during  storage  and 
extrusion,  leading  to  a  further  reduction  of  at 
least  20%  and  perhaps  as  high  as  50%.  It  is 
therefore  not  unreasonable  to  assume  that  the 
Santonox  R  concent  rat  ion  in  the  finished  insulation 
was  only  about  0.02%. 

Under  the  temperatures  existing  in  above  ground 
temperature  enclosures,  it  has  been  demonstrated 
that  Santonox  R  rapidly  migrates  to  the 
polyethylene  surface.  Furthermore,  reactions  with 
heavy  metal  pigments  and  their  coatings  in  the 
insulation  colourants  can  lead  to  further 
significant  losses,  in  particular  with  those 
colours  containing  a  high  concentration  of  TiO?. 

Consequently,  it  is  evident  that  little  or  no 
Santonox  R  remained  in  the  insulation  after  a 
relatively  short  time  to  provide  protection 
against  the  normal  oxidative  attack.  Once  the 
available  antioxidant  had  been  used  up,  by 
reaction  or  exudation,  the  oxidative  chain 
reaction  proceeded  under  the  catalytic  action  of 
the  metal  conductor  and  the  acceleration  in  the 
reaction  rate  due  to  elevated  temperatures  in  the 
enclosures,  to  the  stage  where  severe  cracking  of 
the  insulation  occurred. 

However,  with  Nonox  WSP  it  lias  been  shown  that 
losses  due  to  migration  are  negligible.  Therefore 
any  reduction  in  antioxidant  concentrat ion  in  the 
1961-63  cables  was  probably  caused  by  depletion 
in  performing  its  expected  function  as  a  primary 
antioxidant.  Thus  the  tendency  of  Nonox  WSP  not 
to  migrate  enables  it  to  provide  protection 
against  oxidative  attack  for  a  much  longer  time 
span  than  does  Santonox  R,  even  though  thermal 
analysis  data  suggests  Nonox  WSP  to  be  inferior. 


lnsulat ion  of  Cables  Manufactured  after  1976 

As  described,  two  new  stabilisation  systems  were 
introduced  in  1976/77,  both  systems  containing 
an  antioxidant  as  well  as  a  metal  deactivator, 
both  at  0.1%  m/m,  with  the  aim  of  improving 
thermal  oxidative  stability.  Since  then  we  have 
found  that  both  Irganox  1010  and  Irganox  1035 
migrate  sign i f leant ly  at  service  temperatures. 
Irganox  MD1024  gave  similar  results  for  plaques 
but,  for  as  yet  unexplained  reasons,  exhibited 
low  migration  for  a  small  sample  of  insulated 
wires.  Eastman  Inhibitor  OABH  showed  a  low 
tendency  to  migrate  except  in  black  coloured 
polyethylene.  As  these  new  systems  have  been 
in  service  for  only  a  short  time,  no  faults 
have  yet  been  reported  from  the  field,  and  it  is 
still  expected  that  insulation  containing  these 
systems  will  last  longer  than  the  Santonox  R- 
containing  insulation.  However,  our  results 
indicate  that  both  systems  will  tend  to  lose 
their  primary  antioxidant.  Also,  the  possible 
rapid  loss  of  Irganox  MD  1024  in  one  system 
could  lead  to  early  depletion  of  the  primary 
antioxidant.  Consequently  the  insulation 
containing  either  of  these  systems  is  still 
unlikely  to  achieve  the  specified  40  year  service 
life,  particularly  in  the  hotter  region?-  ‘. 

Future  lnsulat ion 

Based  on  the  studies  carried  out  to  date,  it  is 
believed  that  the  following  actions  will  prevent 
premature  stabiliser  depletion: 

a.  ensure  that  an  adequate  amount  of  stabiliser 
is  present  in  the  polymer  after  extrusion  of 
insulant  on  wire.  The  processing  losses 
must  he  allowed  for  in  determining  the 
required  level  of  stabiliser  in  the  polymer 
compound  before  extrusion. 

b.  select  stabilisers  from  those  known  to 
exhibit  low  volatility  and  little  or  no 
tendency  to  migrate  over  the  entire  service 
and  storage  temperature  range  when  present 
in  the  required  concentrations. 

c.  choose  a  stabiliser  system  which  will  counter 
all  possible  thermal  oxidation  mechanisms. 
This  can  be  achieved  by  the  inclusion  of 
suitable  efficient  primary  and,  possibly, 
secondary  antioxidants  as  well  as  a  metal 
dcactivator . 

d.  ensure  that  the  stabiliser  concentration  is 
not  signif icantlv  depleted  by  reactions  with 
other  additives,  i.e.  colourants.  Limit  the 
concentrations  of  reactive  additives  where 
possible. 

e.  reduce  the  temperature  inside  the  joint 
enclosure,  as  this  will  extend  the  insulant 
life  due  to  the  reduction  in  the  stabiliser 
depletion  rate.  The  optimum  solution  is  to 
locate  all  joints  underground.  Where  this 
is  impossible  or  impractical,  the  use  of 
white  reflective  covers  on  above  ground  joint 
appears  effective. 
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To  date  only  a  limited  number  of  stabilisers  have 
been  evaluated  in  the  laboratory,  and  of  these 
the  system  of  Permanax  WSP  (PQ) ,  Eastman  Inhibitor 
OABH  and  Sandostab  P-EPQ  appears  to  provide  the 
best  protection  for  our  existing  solid  medium 
density  polyethylene,  the  choice  of  components 
being  in  line  with  (b)  and  (c)  above.  Compounding 
and  processing  trials  of  the  solid  MDPE  insulant 
containing  the  above  stabiliser  system  at 
minimum  concentrations  of  0.09%,  0.09%,  0.05% 
respectively  are  currently  in  progress. 

Further  studies  are  planned  to  investigate  other 
antioxidants  and  metal  deactivators,  particularly 
those  of  high  solubility,  in  order  to  pinpoint 
the  most  efficient  system  for  each  base  polymer 
and  the  optimum  component  concentration  levels. 
Furthermore,  a  parallel  study  is  required  to 
identify  the  optimum  stabilising  system  for 
cellular  polyethylene  insulation  in  both  filled 
and  unfilled  cables.  Finally,  much  remains  to 
be  done  to  characterise  the  reactivity  of  the 
various  masterbatch  pigments  and  their  coatings, 
and  the  possible  replacement  of  Ti02  and  other 
metal  pigments  by  alternative  non-metallic 
pigments.  Such  work  will  also  necessitate  a 
review  of  the  current  colour  code  and  colour 
standards. 

Through  these  combined  and  multiple  actions 
Telecom  Australia  expects  to  achieve  a  minimum 
40  year  service  life  for  all  future  cables  under 
the  most  severe  operating  environments. 


TABLE  6  CHEMICAL  IDENTIFICATION  OF  STABILISERS 


Trade 

Name 

Manufacturer 

Chemical  Same 

Santonox  R 

Monsanto  Co 

4,4’  -  Thiobis  (6-tert- 
buty 1-3-methyl phenol) 

Irganox 

1010 

Ciba-Geigy 

Ltd 

Tetrakis  {methylene-3, 

( 3 , 5-d i-tert-butyl-4- 
hydroxyphenyl)  propionate} 
methane 

Irganox 

1035 

Ciba-Geigy 

Ltd 

2,2*  -  Thiodiethyl-bis{3- 
(3 ,5-di-tert-butyl-4- 
hydroxyphenyl)  propionate} 

Permanax* 

WSP(PQ) 

Vulnax  Inter¬ 
national  Ltd 

2,2'  -  Dihydroxy-3, 3* -bis 
( 1-methylcyclohexyl) - 
5,5'  -  d iphenylmethane 

Goodrite 

3114 

Coodrite 

Chemicals 

Tris  (3, 5-di- tert-butyl-4- 
hydroxybenzyl)  isocyanurate 

Eastman 

Inhibitor 

OABH 

Eastman 
Chemical 
Products  Inc 

Oxalic  acid  -  bis(benzy- 
lidene  hydrazide) 

Irganox 

MD  1024 

Ciba-Geigy 

Ltd 

1 ,2-Bis{ 3- (3 , 5-di-tert- 
buty 1-4 -hydroxy phenyl) 
propionic  acid)  hydrazide 

Sandostab 

P-EPQ 

Sandoz  Ltd 

Tetrakis  (2 ,4-di-tert- 
butylphenyl)  <*,4*- 
biphenyl ened iphosphon i te 

BHT 

2 ,6-Di-tert-butyl-4- 
methylphenol 

DLTDP 

- 

Dilauryl  thlod ipropionate 
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\  ABSTRACT 

•^1 

Thermoplastic  rubbers  based  on  sty¬ 
rene  block  copolymers  have  been  modified 
with  selected  oils,  waxes,  and  other  addi¬ 
tives  to  obtain  various  compounds  for  wire 
and  cable  applications.  Included  in  these 
developments  are  a  low  modulus  coating  for 
optical  fibers,  a  filling  compound  for 
optical  cable,  a  flame  retardant  filling 
compound  for  service  wire  and  a  sealing 
compound  for  connectors.  The  design  con¬ 
siderations  and  properties  of  these  compo¬ 
sitions  are  described. 

A 

1 .0  INTRODUCTION  ' 

Communication  cable  and  apparatus  are 
exposed  to  adverse  aerial,  buried  and 
underground  environments.  The  convention¬ 
al  approach  to  keep  water  out  of  cables  is 
pressurization  with  its  attendant  high 
fi-st  costs  and  maintenance  problems  over 
it:  lifetime.  Another  approach  used  with 
multipair  PIC  cable  is  to  physically  block 
the  water  by  filling  ail  interstitial 
spaces  with  hydrophobic  materials.  The 
latter  approach  is  now  widely  favored  by 
the  Bell  System  Operating  Companies.  With 
the  success  of  this  approach,  the  use  of 
water  Mocking  materials  has  been  extended 
to  service  wires,  cable  stubs,  connectors, 
splice  cases  and,  most  recently,  light- 
guide  cables. 

In  this  paper,  thermoplastic  rubbers 
(SEBS)  having  rigid  polystyrene  end-blocks 
and  a  flexible,  saturated  mid-block  of 
ethyleue/buty lene  copolymer  are  shown  to 
have  wide  use  in  wire  and  cable  applica¬ 
tions.  A  schematic  of  the  structure  of 
these  materials  is  given  in  Figure  1. 
Between  the  glass  transitions  of  the  poly¬ 
styrene  end-blocks,  90-100°C,  and  the 
rubber  mid-block,  -65°C,  the  material  acts 
as  if  it  were  crosslinked.  Above  the 
polystyrene  phase  glass  transition  temper¬ 
ature,  the  material  can  be  processed  as  a 
thermoplastic.  The  saturated  rubber  makes 
it  an  ideal  choice  for  applications 
requiring  high  temperature  processing 
and/or  long  term  environmental  stability. 
The  structure  of  the  end  and  mid-blocks 
makes  it  possible  to  do  selective  blending 


ETHYIENE  BUTYLENE  MIOBLOCKS  FORM  RUBBER  PHASE 


RIGID  POLYSTYRENE  ENDBLOCKS  FORM 
PHYSICAL  CROSSLINKS  OR  DOMAINS 


FIGURE  1.  DIAGRAMMATIC  REPRESENTATION  OF  A 
THERMOPLASTIC  RUBBER  STRUCTURE 

with  other  materials  to  optimize  physical 
properties  such  as  modulus,  adhesion, 
toughness,  melt  viscosity,  etc. 

One  such  composition  is  the  FLEXGEL* 
cable  filling  compound,1'2  which 
exhibits  improved  characteristics3  over 
petrolatum  based  materials.  Selected 
properties  of  a  typical  composition  are 
reported  in  Table  I.  This  paper  deals 
with  four  different  applications. 

Specific  compositions  were  developed  which 
have  been  commercially  introduced.  In 
order  of  increasing  rubber  content  they 
are: 

•  a  connector  sealant, 

•  a  fire  resistant  filling  compound  for 
buried  service  wire, 

•  a  lightguide  cable  filling  material, 
and 

•  a  low  modulus  buffer  coating  for 
optical  fibers. 


*A  trademark  of  Western  Electric 
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not.  form  an  oily  interface  with  the  poly¬ 
urethane  encapsulant  as  used  in  a  closure, 
and  (2)  has  excellent  low  temperature 
properties.  The  FLEXGEL  compoun-’  is  also 
less  greaselike  than  the  PEPB  formula- 
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2 . 1  Laboratory  Evaluation 

The  laboratory  evaluations  of  new 
formulations  involved  the  determination  of 
material  properties  such  as  viscosity, 
slump,  cone  penetration,  low  temperature 
modulus  and  encapsulant  compatibility. 
Selected  formulations  were  used  to  fill 
connectors  and  conduct  electrical  tests. 

The  improved  sealant  material  is 
referred  to  as  PETR  where  PE  refers  to  the 
polyethylene  wax  component  and  TR  to  the 
thermoplastic  rubber.  The  properties  of 
the  PETR  and  PEPB  formulation  are  compared 
in  Table  II  and  Figure  2. 

TABLE  I  1 

CONNECTOR  SEALANT  MATERIALS 


2 . 0  CONNECTOR  SEALANT 

To  provide  moisture  resistance  in  the 
wire  joining  of  PIC  insulated  conductors, 
a  grease-like  material  is  used  as  a  seal¬ 
ant  in  the  waterproof  codes  of  connectors. 
Various  suppliers  have  used  sealants  based 
on  petrolatum,  silicone  chemistry,  etc. 

One  material,  referred  to  as  PEPB  com¬ 
pound,  is  based  on  low  molecular  weight 
polyethylene  (PE)  waxes  and  polybutene 
(PB)  oils. 


PROPEKTI ES 

M'.diil'i".  at  20  *  F  and 
l  net  t  2  i  dynes  -'em*  ) 

Cone  Tenet  t  at  ion,  O.iMmm 

at  room  temperature 
(ASTM  P2171 

Volume  Resistivity,  ohm-cm 
(ASTM  D2S7J 

Compat ibi 1 ilv  witn 

Poly. ii  «-t  hane  Knoapnu  1  ant  a 


Seal  ant _ 

PETR  PEPB 

1  .  b  x  10“  S.  0  x  10' 

160-MO  1  10-  1  AS 

1  0  •  *  M  i  n  .  l  (l  •  *  M  i  rt . 

Yes  No 


The  PEPB  material  has  functioned  well 
in  the  application.  However,  as  in  the 
case  of  the  cable  filling  compounds  based 
on  petrolatum,  several  properties  were 
considered  marginal.  For  example,  in  the 
application  of  molten  PEPB  compound  to  the 
connector,  its  set-up  as  it  cools  is  too 
slow  for  optimum  sealant  placement.  If 
the  sealant  is  not  properly  distributed  in 
the  connector,  the  water  resistance  of  the 
connector  is  degraded.  Also,  a  compound 
with  a  lower  modulus  than  the  PEPB 
formulation  is  desirable  to  allow  easier 
connector  assembly  at  low  temperatures. 

In  addition,  a  compound  less  grease-like 
than  PEPB  sealant  is  desirable  for  craft 
acceptance.  Finally,  the  PEPB  sealant 
tends  to  form  an  oily  interface  with  an 
oil  extended,  low  tear  strength 
(reenterable)  polyurethane  encapsulant 
us»d  in  splice  cases. 11  The  concern  here 
is  that  the  oily  interface  can  potentially 
provide  a  water  path  to  the  connector. 

A  logical  alternative  to  the  PEPB 
sealant  is  a  material  similar  to  the 
FLEXGEL  comDound  since  the  latter  (1)  does 


3Spl » cm  Oise  t*$ts. 


Table  II  indicates  that  PETR  formula¬ 
tion  exhibits  higher  penetration  and 
increased  compatibility  with  the  polyure¬ 
thane  encapsulant.  The  low  temperature 
modulus  data  in  Table  II  show  PETR  sealant 
to  be  s ign i f icant 1 y  less  stiff,  and  this 
was  reflected  in  lower  filled  connector 
pressing  forces  at  20°F. 

Figure  2  indicates  that  lower 
processing  temperatures  are  possible  for 
PETR.  With  a  lower  processing  temperature 
and  the  viscosity  profile  at  temperatures 
below  the  knee  in  the  curves,  one  would 
expect  PETR  to  set-up  faster  than  PEPB. 
Such  has  been  the  observation  in  actual 
filling  operations. 

The  electrical  testing  of  assembled 
connectors  (with  conductors)  was  done  per 
AT&T ’ s  "Product  Criteria  for  Communication 
Cable  Wire  Joining  Systems,"  Issue  1, 
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October  1975-  The  final  composition  met 
or  exceeded  connector  requirements  for 
temperature  cycling  (-40  to  140°F,  95% 

RH),  dielectric  strength  and  water  immer¬ 
sion.  Low  temperature  pressing  of  filled 
connectors  and  compatibility  with  the 
reenteraoie  encapsuiant  were  also  evalu¬ 
ated  and  found  to  be  improved . 

Since  the  PETR  formulation  has  been 
demonstrated  to  meet  the  requirements  for 
a  sealant  for  modular  connectors  and  is  in 
several  respects  superior  to  the  PEPB  com¬ 
pound,  it  is  now  used  exclusively  in  the 
710  connectors  supplied  by  Western 
Electric. 


FILLING  MATERIALS 


3.0  FLAME  RETARDANT  FILLING  COMPOUND 

Buried  service  wire  is  a  critical 
component  of  the  loop  plant,  and  its  water 
resistance  is  an  important  design  feature. 
Since  service  wire  may  enter  customer's 
premises,  no  compromise  of  its  fire  resis¬ 
tant  properties  by  the  water  filling  com¬ 
pound  is  permitted. 

A  water  and  flame  resistant  service 
wire  has  been  available  for  years.  The 
water  resistance  of  this  design  has  been 
reported5  and  a  short  term  water  resis¬ 
tance  test  has  been  described.5  Flame 
resistance  was  measured  using  the  'JL  83 
test.  The  water  and  flame  resistant  fill¬ 


ing  compound  exhibited  a  high  dielectric 
constant  but  was  acceptable  because  the 
wire  is  designed  for  use  in  relatively 
short  lengths  and  at  voice  frequencies.5 

In  order  to  function  sat i sf actor i 1 y 
in  buried  service  and  distribution  wires, 
a  new  design  objective  required  that  the 
filling  compound  exhibit  a  dielectric 
constant  below  2.38.  In  developing  a 
suitable  compound,  a  second  objective  was 
reduced  tack  for  easier  handling.  Both 
objectives  were  met  while  retaining  the 
flame  resistance  of  the  existing  compound 
by  modifying  the  FLEXGEL  formulation. 

3. 1  Laboratory  Evaluation 

The  high  dielectric  constant  of  flame 
retardant  compound  is  due  to  the  use  of 
halogenated  compounds  as  additives.  The 
dielectric  constants  of  chlorinated  paraf¬ 
fins  are  typically  greater  than  5,  Table 
III.  Of  interest  is  the  observation  that 
the  dielectric  constant  of  the  materials 
in  Table  III,  covering  a  narrow  chlorine 
content  range,  decreases  with  molecular 
weight  (as  measured  by  the  viscosity), 
Figure  3.  One  sample  is  off  the  curve.  A 
possible  explanation  is  that  the  latter 
liquid  is  based  on  a  significantly  differ¬ 
ent  material;  for  example,  linear  rather 
than  branched  paraffins.  The  remaining 
materials  may  be  based  on  similar  paraf¬ 
fins  with  structure  differences  explaining 
the  increasing  dielectric  constant.  Ex¬ 
tending  the  curve  in  Figure  3  to  higher 
molecular  weight  materials  (chlorinated 
waxes)  should  further  reduce  the  dielec¬ 
tric  constant. 


TABLE! I  I 


PROPERTIES  or  LIQUID  CHLORINATED  PARAFFINS 


Material 

Nominal 
Viscosity , 

Sus  @210'F 

Noini  nal 

Chi  or  me 
Content ,  * 

Dielectr l 
Constant 
*  1  KH* 

A 

63 

54 

7.96 

B 

7*3 

70 

5.4  J 

C 

90 

62 

6.6  3 

D 

1  90 

70 

5.84 

E 

200 

68 

5.7? 

F 

250 

67 

5.  31 

G 

530 

70 

4.80 

In  TabLe  IV,  blends  using  liquid  (G 
in  Table  III)  and  solid  chlorinated  paraf¬ 
fins  (waxes)  of  the  same  chlorine  content 
are  compared.  The  wax  exhibits  lower 
dielectric  constant.  The  table  shows  that 
a  dielectric  constant  of  less  than  2.38  is 
readily  attainable.  However,  lot  to  lot 
variations  in  the  dielectric  constant  of 
the  chlorinated  wax  gave  a  spread  of  0.05 
units.  Thus,  the  new  compound  would  have 
(o  hgv<  a  nominal  value  of  2.  3  3  or  about 
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4.0  LIGHTGUIDE  CABLE  FILLING  MATERIAL 


FIGURE  3  THE  CHANGE  IN  DIELECTRIC  CONSTANT  WITH  VISCOSITY 


20%  chlorinated  wax  to  insure  compliance. 
If  the  chlorine  content  is  too  low,  a 
reduction  in  flame  retardancy  to  unaccept¬ 
able  levels  results.  A  20%  chlorinated 
wax  content  approaches  this  level.  The 
addition  of  antimony  oxide,  which  is 
synergistic  with  chlorine  in  a  fire  situa¬ 
tion,  gave  the  required  safety  factor 
without  degrading  the  dielectric  constant. 
Tests  show  that  under  manuf actur ing  condi¬ 
tions  proper  dispersion  of  the  insoluble 
antimony  additive  is  maintained. 


TABLE  TV 

DIELECTRIC  CONSTANT  OF  BLENDS  BASED  ON  LIQUID 
- AND  SOLID  CHLORINATED  MATERIALS 


Chlor inated 
Material,  % 


35 

30 

25 

20 


Dielectric 
Constant 
a  1  MHz 


iquid  + 

Sol  id 

2.82 

2.38 

2.72 

2.37 

2.63 

2.34 

2.33 

*G  in  Table  III 


The  second  objective,  reduced  Lack, 
was  achieved  by  substituting  20  parts  of 
the  chlorinated  paraffin  wax  for  the  min¬ 
eral  oil  in  the  FLEXGEL  compound.  The 
final  formulation  had  the  improved  han¬ 
dling  properties  desired  and  the  predicted 
dielectric  constant  of  2.33.  This  mater¬ 
ial  has  also  exhibited  improved  processing 
characteristics  and  is  now  used  exclu¬ 
sively  in  Western  Electric's  buried 
service  and  distribution  wires. 


In  this  development,  the  following 
materials  objectives  were  identified: 

•  compatibility  with  cable  materials, 

•  compatibility  with  existing  process 
ing  know-how, 

•  water  resistance  performance, 

•  craft  acceptability, 

•  high  temperature  resistance  to  flow 
and 

•  low  relaxation  modulus,  to  minimize 
added  loss,  over  the  temperature  of 
interest,  -40  to  170'F.1 

With  the  exception  of  the  last  item, 
the  above  objectives  have  been  previously 
investigated  and  found  to  be  met  by  the 
FLEXGEL  compound.  Modification  of  the 
FLEXGEL  compound  for  the  lightguide  appl i 
cation  is  discussed  below. 


FIGURE  4.  SHEAR  MODULI  OF  VARIOUS 
FILLING  COMPOUNDS 
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4. 1  Modification  of  FLEXGEL  Compound 

In  general,  the  modulus  of  materials 
increases  as  the  temperature  decreases. 
Since  fiber  optic  cables  are  being  design¬ 
ed  for  an  environment  ranging  from  -40  to 
I70°F,  the  initial  character i zat ion  was 
done  at  -40°F.  Figure  4  presents  the 
value  of  G'  ( w)  (the  dynamic  shear 
modulus)  as  a  function  of  frequency  for 
the  standard  FLEXGEL  formulation.  The 
material  is  rubber-like  at  this  tempera¬ 
ture  in  the  frequency  range  studied. 

To  reduce  the  modulus  below  that  of 
FLEXGEL,  the  level  of  rubber  can  be  reduc¬ 
ed.  Alternatively,  the  polyethylene  wax 
can  be  removed.  Without  the  polyethylene, 
the  high  temperature  properties  are 
degraded.  If  the  latter  approach  is 
chosen,  the  high  temperature  properties 
can  be  restored  as  discussed  below. 

To  compensate  for  the  loss  of 
polyethylene,  a  higher  molecular  weight 
block  copolymer  rubber  was  used  at  a 
higher  level.  The  resultant  compound 
formulations  and  properties  as  blended 
with  two  different  pour  point  oils  is 
given  in  Table  V  along  with  that  for 
FLEXGEL  compound.  The  higher  viscosities 
for  the  new  blends,  A  and  B,  reflect  the 
higher  rubber  content  as  well  as  the  use 
of  a  higher  molecular  weight  rubber. 

Moduli  data  for  the  blends  in  Table  V  are 
shown  also  in  Figure  4.  As  expected,  the 
moduli  at  -40°C  for  A  and  B  are  less  than 
those  of  FLEXGEL  compound,  reflecting  the 
omission  of  the  polyethylene  wax.  It  is 
also  important  to  note  that  the  choice  of 
oil  is  critical  to  minimizing  the  modulus. 
One  would  expect,  based  on  the  pour  points 
of  the  oil,  that  Blend  B  would  exhibit  a 
lower  modulus  than  A  but  possibly  not  to 
the  extent  observed.  Other  formulations 
with  and  without  polyethylene  additives 
were  characerized  and  determined  to  be 
useful  blends . 7 


TABLE  V 

MODIFIED  CABLE  FILLING  COMPOUND 


FLEXGEL 

A+ 

B*  + 

Viscosity  at  266*F 
(130*C),  cps 

30 

42 

56 

Slump  Temps,  *C 

Pass 

65 

50 

50 

Fail 

70 

60 

60 

G'  x  »0'b  (dynes/ 

cm2  ?102  rad/sec) 

16.  2 

0.62 

*Based  on  an  oil  with 

a  nominal  pour  point  of 

♦  1 0*  F . 

+*Ba3ed  on  an  oil  with  a  nominal  pour  point  of  0*F. 


Blend  B  has  been  extensively  evalu¬ 
ated  in  1 ightguide  cable.  In  conjunction 
with  use  of  dual  coated  fiber,  performance 
with  respect  to  added  loss  both  in  cable 
as  manufactured  and  in  environmental  cycl¬ 
ing  has  been  excellent.8 

5.0  LOW  MODULUS  THERMOPLASTIC  HOT  MELTS 

FOR  OPTICAL  FIBER  COATING 

Optical  fibers  require  protective 
coatinqs  in  order  to  preserve  fiber 
strength  and  to  protect  the  fiber  from 
microbending  induced  optical  loss.  The 
coating  is  generally  applied  in-line  with 
fiber  drawing  by  passing  the  fiber  through 
a  reservoir  containing  the  coating  mate¬ 
rial  and  having  an  exit  orifice  which  has 
been  sized  to  aoolv  some  desired  thickness 
of  the  material.  With  this  technique  a 
coating  with  a  viscosity  less  than  10,000 
centipoises  at  the  application  temperature 
is  preferred.  Classes'of  materials  whicn 
have  been  applied  to  optical  fibers  by 
this  technique  include  UV  curables, 
thermal  curables,  such  as  silicone  resins, 
solvent  based  materials  and  thermoplastic 
hot  melts. 

Properties  of  the  coating  material 
which  influence  the  ability  to  preserve 
fiber  strength  are  toughness,  abrasion 
resistance,  thickness  and  adhesion  to  the 
fiber.  In  general,  an  increase  in  any  of 
these  properties  reduces  the  susceptibil¬ 
ity  of  the  fiber  to  mechanical  damage. 

Brockway  et  al*  have  shown  that 
microbending  sensitivity  is  related  to  the 
product  aEA  of  the  coating  where  a  is  the 
coefficient  of  thermal  expansion,  E  is  the 
modulus  and  A  is  the  cross  sectional  area. 
In  practice  and  for  a  given  design,  the 
modulus  in  controlling  so  that  a  reduction 
in  the  coating  modulus  decreases  micro¬ 
bending  sensitivity.  Thermally  cured 
silicones  with  moduli  below  107  dynes/cm^ 
(140  psi)  have  been  used  as  coating  where 
low  sensitivity  to  microbending  is 
required.  Unfortunately  a  low  modulus 
also  means  low  toughness  and  abrasion 
resistance,  perhaps  too  low  for  adequate 
protection  of  the  fiber.  For  this  reason, 
a  secondary  coating  is  often  placed  over 
the  primary  silicone. 

5 . 1  Laboratory  Evaluation 

A  limitation  of  silicones  is  that 
they  exhibit  limited  pot  lives  due  to 
their  curing  behavior.  We  have  developed 
a  thermoplastic  hot  melt  based  on  a  block 
copolymer  rubber  which,  like  silicones, 
exhibits  low  modulus  down  to  -40“C,  yet 
has  significantly  greater  toughness  than 
the  silicones  and  exhibits  long  pot  life. 
To  accomplish  this,  significant  deviations 
from  the  FLEXGEL  formulation  were 
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TABLE  VI  I 


required.  The  rubber  content  was 
increased  by  several  factors  and  resins 
which  reinforce  the  styrene  domains  were 
added.7  The  role  of  the  various  additives 
on  the  low  temperature  modulus  was  charac¬ 
terized.  Formulations  useful  as  primary 
coatinqs  were  developed.  Critical  factors 
such  as  blocking  (fiber  sticks  together) 
and  adhesion  to  the  polyester  tape  used  in 
making  ribbons  were  considered.  Typical 
properties  of  two  formulations  are  given 
in  Table  VI.  Note  principally  the  low 
moduli  at  -40°C.  Of  immediate  interest 
was  coating  A  since  it  has  the  potential 
potential  as  both  a  primary  and  a  second¬ 
ary  coating.  It  was  characterized  exten¬ 
sively  as  a  material  and  as  a  coating. 


TABLE  VI 


COATING  MATERIAL  FOR  OPTICAL  FIBERS 

A 

B 

Primary  or 
Secondary 
Coat i nu 

Pr imarv 
Coat i no 

Oxidation  Induction  Timi» 
at  210'C  (nun) 

30 

30 

Viscosity  at  >90*0  (ops> 
Touqhnes  (psi) 

4800 

970 

J  190 

T-Peel  Adhesion  (kq  cm)  lo 
poi /ester 

1 . 

Rinq  and  Ball  Sotteninq 

Point  (*C) 

I  35 

30  Minute  Tensile  Relaxation 
Modulus  x  1C“°  dynes 'ct*, 
(psi)  at  25  *C 
at  -  40  *C 

8  (120) 

80  (12001 

2.4  (20) 

io  r»40) 

5.2  Microbending  Loss 

of  Coated 

Fibers 

Coating 

A  was 

eva 

luated  on  optical 

f  ibe 

r  drawn 

from  germa 

niuim  phosphosili- 

cate 

preforms.  A 

UV  c 

urable  material  with 

a  30 

minute 

tens  i  l 

e  re 

taxation 

modulus  of 

-6  x 

10  y  dyne s/cm * 

at 

2  3  °C  and 

~3  x  10 1 0 

dyne 

s/cm-  at 

-40  °C 

was 

used  as 

the  second- 

ary 

coating . 

Both 

coa 

tings  we 

re  applied 

i  n- 1 

ine  with 

drawi 

ng. 

In  all 

the  tests, 

f  ibe 

r  coated 

with 

the 

UV  mater 

ial  only  was 

used 

as  a  control  . 

ENVIRONMENTAL  LOSS 


Coated  Fiber  Type  Added  Loss  at  0.B2  .it  t  tIL/V.T 

T  (  ‘  F '  :  -40  -  ‘  ’ 1  ■■  7  5 

Control  (UV)  0.04  0.1S  -0.01  0 

Dual  [Hit  Mell  UV]  t'.OI  -0.0S  -d.Ot  0 


6.  CONCLUSIONS 

Thermoplastic  rubbers  having  rigid 
polystyrene  end-blocks  and  a  flexible, 
saturated  mid-block  of  ethylene/  butylene 
copolymer  have  been  evaluated  for  several 
wire  and  cable  applications.  In  specific 
developments,  selective  blending  of  the 
rubber  with  modifiers  was  used  to  optimize 
physical  properties.  Successful  formula¬ 
tions  have  been  introduced  in  products  for 
use  by  the  Bell  System  Operating  Telephone 
companies . 
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Ribbons  were  manufactured,  one  with 
each  coated  fiber  type.  Each  ribbon  con¬ 
sisted  of  12  fibers  sandwiched  continously 
between  two  layers  of  a  polyester  pressure 
sensitive  coated  tape.  The  added  loss  due 
to  ribbon  fabrication  was  within  the  mea¬ 
surement  error.  The  average  thermal  added 
loss  of  the  fibers  in  each  ribbon  was 
determined.  The  data10  shown  in  Table  VII 
indicate  a  much  lower  sensitivity  to 
microbending  for  the  dual  coated  fiber. 

Based  on  these  results  and  other 
data,  dual  coated  fibers  with  a  hot  melt 
buffer  coating  are  preferred  for  use  in 
filled  lightguide  cables. 
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BEHAVIOUR  OF  ZINC-COATINGS  ON  STEEL  TAPES  IN  ARMOURED  CABLES 


A.M.J.M.  Claassens,  A.T.M.  Grooten,  J.  Rozendaal 


NKF  Kabel  B.V.,  Waddinxveen.The  Netherlands 


arstra:t 

Telecommunication  cables  are  often  supplied  with 
arinou^ing  tape  for  protection  against  electromag¬ 
netic  interference  and  mechanical  .Jama*?. 
corrosion  point  of  view  zinc-coated  steel  tape  i  > 
appi ied. 

Examination  of  the  zinc-iron  equilibrium  phase 
diagram  combined  with  testing  jf  samples  >n  a 
mikrpscope  revealed  that  differences  in  nature  of 
brittle  zinc-iron  1  ntermeta 1 1 ic  compounds  can  lead 
to  blisterinq  of  the  zinc-layer  of  normal  hot-dip 
zinc-coated  steel  tape.  Two  new  rojtine  tests  are 
developed  to  obtain  a  quick  insight  in  nature  and 
adherence  of  zinc-layers. 

A  much  better  solution  for'  adherence  problems  is 
application  of  continuous  zinc-coated  slitted 
steel  sheet  (according  to  the  Sendzimir  process). 
The  adherence  of  this  material  is  inherently 
better  due  to  the  almost  complete  absence  of  in¬ 
termetal  lie  compounds. 

Corrosion  tests  are  carried  out  on  coaxial  cables 
(Bamboo-construct ion)  to  determine  the  effect  of 
zinc-absence  on  cutting  faces  of  Sendzimir  zinc- 
coated  steel.  These  tests  include  both  newly 
developed  laboratory  tests  and  comparative  test  in 
soil.  Theoretical  explanations  are  given  for  sur¬ 
prising  results  of  tests.  Differences  in  nature  of 
zinc-layers  between  Sendzimir  zinc-coated  and  con¬ 
ventional  hot-dip  zinc-coated  steel  tape  (almost 
pure  zinc  vs  zinc-iron  compounds)  proved  to  have 
greater  influence  on  attack  of  steel  armouring 
tape  by  underground  corrosion  than  the  presence  of 
zinc  on  cutting  faces. 


1  .INTRODUCTION 

1 . 1 .fable  protection  demands 

Tne  requirements  for  safe  and  tnoublefree  opera¬ 
tion  of  telecommunication  cables  can  be  divided 
into  two  areas.  First  the  primary  electrical  de¬ 
mands  including  resistance  of  conductors  and  insu¬ 
lation,  mutual  capacitance,  attenuation  and  cross¬ 
talk.  Besides  these  the  secondary  demands  relating 
to  environmental  influences  threatening  the  prima¬ 
ry  functions  or  the  security  Of  the  telecommunica¬ 
tion  system. 

Amonq  these  environmental  influences  are  electro¬ 
magnetic  interference,  biological  attack  (rodents, 
termites,  fungi),  mechanical  violence  (heavy: 
human;  light:  vibration,  shift,  temperature )  and 
physical/chemical  attack:  soil  corrosion,  hydro¬ 
carbons,  acids,  ultra-violet  radiation  and  light¬ 
ning. 


The  combined  demands  for  a  low  electrical  reduc¬ 
tion  factor  and  protection  against  mechanical 
damage  lead  to  the  application  of  flat  steel  tape 
as  interlocking  armour  or  flat  armour.  Although 
this  steel  tape  normally  is  protected  against  soil 
corrosion  by  a  polyethylene  outer  sheath,  the  pos¬ 
sibility  of  sheath  damage  by  installation,  rocks, 
rodents  and  dig-ins  makes  a  second  protection  by 
for  instance  a  zinc- layer  on  the  steel  tape  neces¬ 
sary.  According  to  ASNI/ASTM  A  459-71  I  up  till 
recently  at  NKF  steel  tape  has  been  applied,  first 
slitted  to  the  required  size  and  then  zinc-coated 
at  all  surfaces  including  edges. 
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1 .2 .Construct ton  of  bamboo  coaxial  cables 


2 .1 .Phase-diagram  Zinc-Iron 


NKF  uses  zinc-coated  flat  steel  armouring  tape, 
applied  as  two  overlapping  helical  layers,  in  a 
wide  range  of  cabletypes.  'n  this  paper  special 
attention  will  be  given  to  u r  research  on 
armoured  bamboo  cabV  ..  These  cables  are  used  for 
high  frequency  transmission.  It  is  a  coaxial  cable 
to  be  used  for  e.g.  CATV  networks. 

The  construction  of  the  cable  (seen  from  insight 
to  outsight)  is  for  the  bamboo-three  type  ^:(  fi¬ 
gure  1). 


FIGURE  1  CAT V  BAMBOO-CABLE 


-  Solid  electrolytic  copper  inner  conductor. 

-  Dielectric  consisting  of  polyethylene  discs  co¬ 
vered  by  a  polyethylene  tube.  Together  this 
makes  the  dielectric  look  like  a  bamboo  cane. 

-  A  longitudinally  applied  copper  foil  as  outer 
conductor. 

-  A  polyethylene  sheath,  extruded  directly  over 
the  outer  conductor. 

-  The  actual  armouring  consisting  of  two  over¬ 
lapping  layers  of  zinc-coated  steel  tape. 

-  A  polyethylene  outer-sheath. 

The  name  of  the  different  cable  types  (Bamboo- 

three.  Bamboo-six,  etc.)  indicates  the  attenuation 

(dB/100  m)  at  20*C  and  a  frequency  of  230  MHz. 


2. HOT-DIP  ZINC-COATED  (HDZC)  STEEL  TAPE 

Generally  speaking  there  are  many  advantages  when 
using  zinc-coatings  as  corrosion  barrier  for  a 
steel  substrate. 

-  It  provides  an  effective  and  pinhole-free 
barrier  between  the  corrosive  evironment  and  the 
steel  substrate. 

-  Zinc  has  a  rather  good  intrinsic  corrosion  re¬ 
sistance  by  the  formation  under  certain  circum¬ 
stances  of  a  water-insoluble  zinc-patina. 

-  Compared  with  other  application-methods  for 
metal  coatings,  such  as  electrodeposition, 
flame-spraying  or  cladding,  zinc  can  very  easy 
be  applied  by  hot-dipping  the  steel  In  a  molten 
metal  bath  due  to  the  low  melting  point  of  zinc. 


Due  to  the  hot-dip  process  the  zinc  layer  on  HDZC- 
steel  tape  is  composed  of  three  intermeta 1 1 ic 
zinc-iron  compounds  covered  by  a  top  layer  of 
pure  zinc.  The  nature  of  these  layers  is  deter¬ 
mined  by  the  zinc-iron  equilibrium  phase-diagram. 

Figure  2  shows  this  diaqram,  recently  modified  by 
Gellings  and  Rastin  3.  Going  from  iron  to  zinc  we 
meet  the  following  intermetallic  compounds: 


EQUILIBRIUM  PHASE-DIAGRAM 
2  INC- 1  RON  (Zn-RICH  PART) 

ACCORDING  TO  GELLINGS  BNti  BOSTIN 


-  The  gamma  (T)-phase  with  a  bodycentered  cubic 
(bcc)  structure  (a=0,895  nm); 

-  The  recently  discovered  gamma-1  {r^)-phase  with 
a  face  centered  cubic  (fee)  structure  (a=  1,7963 
nm)  and  a  peritectic  decomposition  temperature 
of  550"C.  This  phase  only  occurs  in  diffusion 
layers  and  is  not  created  in  zinc  coating 
processes. 

-  The  delta-1  (5j)-phase  with  a  complex  hexagonal 
structure  ( a=l ,235  nm,  c=5 , 7  35  nm). 

-  There  does  not  exist  a  separate  9^  -phase 

(iron-rich  and  compact)  nor  a  <5p-phase 

(zinc-rich  and  pal issade-structure ,  as  proposed 

by  Ghoniem 

-  The  zeta  (c)  phase  with  a  monoclinic  structure 
and  a  peritectic  melt-temperature  of  530”C. 

-  The  intermetallic  layers  are  covered  with  pure 
eta  ( n)  zinc  with  a  hexagonal  structure  (a= 
0,260  nm,  c-  0.494  nm) . 


International  Wire  &  Cable  Symposium  Proceedings  1982  321 


’ M icroohotoqraphs  of  HD7C-steel 


F  lour.-  3  shows  i  mcro-photograph  of  a  me t a  1 1 o - 
qraphic  simple  jf  norma  I  HOZC-steel  tape. From  bot- 
t)i  to  top  it  consists  of  the  stee 1 -substrate ,  a 
thin  gamma- 1  aye r,  a  mixture  of  delta-  and  zeta- 
layers  and  a  rjther  th  i  c*c  zinc-layer.  The  total 
Thickness  of  the  hit-dip  layer  amounts  to  35  mi- 

rr  ,ioS  . 

For  the  zinc-coated  steel  tape  applied  to  the  Bam¬ 
boo  coaxial  cables  (and  to  a  lot  of  other  cable 
types'  a  thickness  of  the  zinc -layer  of  '3  to  IP 
nic-ins  jives  adequate  protection  3.  To  achieve  a 
layer  o‘  a  qiv-n  thickness  the  steel  tape  is  wiped 
off  a‘ter  th>*  quivanizinq  process  as  can  be  seen 
in  figure  T.  This  results  in  the  pure  zinc  top- 
liver  beinq  almost  completely  absent  and  the  coa¬ 
ting  consisting  mainly  of  zinc-iron  internet,  il  1  i  c 
compounds.  Bee a  ise  of  the  egg-snell  finish  this  is 
called  mat  HDZil-steet  tape. 


■A" 


FIGURE  3. 

MAGNIFICATION  400X 

SAMPLE  .  NORMAL  HOT-DIP  2INC-C0BTED  STEEL  TAPE 


FIGURE  4, 

MAGNIFICATION  400X 

SAMPLE  WIPED  HOT-DIP  blNC-COBTED  STEEL  TAPE 


Besides  the  earlier  mentioned  advant  iq*".  there  is 
on  the  other  hand  fur  cab!-  armouring  o-ie  disad¬ 
vantage  in  the  application  of  normal  or  mat  "OZT- 
steel  tape.  Hue  to  the  hard  and  brittle  nature  jf 
the  zinc-iron  alloys  there  is  always  the  risk  of 
blistering  of  the  zinc  layer.  Figure  5  shows  a 
dramatic  example  of  a  blister  in  a  zinc  layer 
which  was  displaced  during  hot  moulding  under 
pressure  of  this  metal lograph  ic  sample. 

? . 3 .  Example  of  a  cable  with  a  blistered  zinc 
1  ayer 

During  ‘o-  manufact jring  of  cables  blistering  of 
the  brittle  alloys  can  be  caused  by  the  inevitable 
deformation  of  the  steel  tape  or  by  thermal 
effects  during  extrusion  of  the  outer  sheath. 
Figure  6  shows  an  armoured  Bamboo-six  cable  with 
mat  HDZC-steel  armour.  The  polyethylene  outer 
sheath  has  been  removed  to  reveal  the  blistered 
zinc-layer. 


FIGURE  F. 

SAMPLE  UIPED  HOT-DIP  ZINC -COSTED  STEEL  TAPE 

DAMAGED  DURING  PREPARATION  DUE  TO 
HRITTLE  ALLOV-LAYER 
MAGNIFICATION  400X 


* 


FIGURE  6. 

BAMBOO-6  CABLE  WITH  BLISTERED  HOT-DIP 
ZINC -COATED  STEEL  TAPE 
PE  DUTERSHEATH  IS  REMOVED 
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2.4.  Multiple  bend  test 


2.5.  Electrode-potential  dunn 


zinc-stripping 


Two  new  routine  tests  were  developed  to  obtain  a 
quick  insight  in  the  nature  and  the  adherence  of 
zinc  layers.  The  most  simple  starting  point  is  the 
normal  bend  test  (single  bending  over  180°  around 
a  mandrel  with  prescribed  diameter  accordinq  to 
international  standards  The  outcome  of  this 
test,  however,  appears  not  to  give  any  guarantee 
for  trouble-free  manufacture.  Differences  between 
troublesome  and  trouble-free  lots  of  HDZC-steel 
tape  can  be  found  after  multiple  bending  of  the 
samples.  The  histogram  of  figure  7  shows  that  only 
after  two  or  three  bends  there  can  be  seen  some 
difference  between  parcels  with  a  well 
respectively  a  badly  adhering  zi nc- layer .The 
difference  between  two  similar  lots  of  50x0,8  mm 
steel  tape  can  be  seen  from  figure  8.  At  the  left 
the  samples  with  blistering  after  three  bends,  at 
the  right  the  samples  with  no  problems  after 
bending. 


'•  HISTOGRAM  MULTIPLE  BEND-TEST  GALVANISED' 


STEEL  TAPE 


LEFT i  TROUBLE-SOME  HOT-DIP  ZINC-COATED  STEEL  TAPE 
(SO  X  0  90  MM) 

RIGHT:  TROUBLE  FREE  MATERIAL 

FROM  TOP  TO  BOTTOM  1,2  AND  3  BENOS  WITH  MANDREL 
DIAMETER  8  MM 

FIGURE  9. 


It  is  quite  clear  that  due  to  the  brittle  nature 
of  the  intermetal  1 ic  compounds  the  adherence  of 
the  zinc- layer  is  determined  by  the  occurance  and 
the  thickness  of  the  various  alloys.  We  hav<*  de¬ 
veloped  a  quick  e lectrochemi ca 1  method  to  examine 
the  composed  zinc-Uyer.  This  method  was  derived 
from  the  standard  method  for  the  determination  of 
the  mass  of  zinc-coatinq  by  zinc-strippinq  in  an 
acid  solution  \ 

The  electrochemical  potential  of  the  sample  is 
measured  during  zinc-stripping  in  a  hydrochloric 
acid  solution,  from  which  in  this  case  the  ?, t>C  1 3 
must  be  omitted. 

Accordinq  to  the  galvanic  series  of  'metals  ^ 
every  metal  has  a  certain  electrode-potential  when 
placed  in  an  electrolyte.  Noble  metals  have  higher 
potentials  than  active  'metals.  The  potential  of 
zinc  (Zn)  is  about  -1100  mV  with  respect  to  a 
Saturated  Calomel  reference  Electrode  ’ SCr ! ,  iron 
(Fe)  takes  a  higher  potential:  abojt  -5D0  mV 
(SCE).  The  zinc-iron  alloys  have  intermediate  po¬ 
tentials.  During  zinc-stri pp ing  the  potentials  at 
every  moment  will  be  determined  by  the  particular 
layer  being  dissolved  at  that  moment  and  thus,  de¬ 
pending  upon  the  thicknesses  of  the  various 
layers,  the  potential  will  change  stepwise. 

The  same  result  can  be  achieved  by  anodic  stripp¬ 
ing  of  the  sample  with  the  aid  of  an  imposed  cur¬ 
rent.  The  advantage  of  the  earlier  mentioned 
method,  however,  is  that  due  to  the  lonqer  dissol¬ 
ving  time  of  alloys  compared  with  pure  zinc  minor 
differences  between  the  allov-layers  of  various 
samples  can  more  easily  be  demonstrated. 

Figure  9  shows  the  results  for  the  same  samples  as 
shown  in  the  bend  test  of  figure  8.  The  left  cur¬ 
ves  are  recorded  in  a  more  concentrated  hydrochlo¬ 
ric  acid  than  the  right  ones,  thus  reachinq  shor¬ 
ter  stripping  times.  The  difference  between  the 
"good"  and  the  "bad"  samples  is  a  thicker  qamma- 
layer,  being  responsible  for  a  higher  blistering 
risk. 

ELECTRODEPOTENTIAL  DURING  Z I NC - STR I PP I NG 
G1  81  GZ  Bz  . 


•  *#  II 

FIGURE  9 
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The  hot-dip  zinc-coatinq  process  is  inherently 
prone  to  create  intermeta 1 1 ic  layers  of  varying 
thickness  and  thus  to  differences  in  adherence. 

3.  SENDZ1MIR  ZINC-COATED  ( SEZQSTEEL  TAPE 
3.1.  Nature  of  the  zinc-layer 

The  best  soljtion  to  cope  with  adherence  problems 
is  the  application  of  a  totally  different  type  of 
zinc-coated  steel  on  which  the  alloy  layers  are 
almost  completely  absent.  More  than  95%  of  the 
total  zinc-layer  should  consist  of  pure  zinc  to 
achieve  an  inherently  better  adherence.  A  material 
satisfying  these  'emands  is  continuously  zinc-coa¬ 
ted  steel  sheet,  produced  according  to  the  Send- 
zimir  process  or  related  methods  (SEZC-steel 
tape).  In  the  Sendzimir  process  a  steel  sheet  with 
unlimited  length  is  led  through  a  tunne 1  furnace. 

The  iron-oxides  at  the  surface  are  all  oxidized  to 
Fe^dg.  [n  the  end  part  this  oxide  is  reduced  with 
the  aid  of  the  cracking  qases  of  ammonia  (N?  and 
Hj)  to  iron  (Fe).  The  outlet  of  the  tunne Ifurnace 
is  placed  in  the  bath  of  inolten  zinc  so  that  no 
reoxidation  of  the  metal  can  occur.  The  zinc-bath 
is  composed  of  high  purity  zinc  (99,99%)  to  which 
is  added  0,16-0,20%  aluminium.  Combined  with  a 
short  residence  time  in  the  zinc-bath  this 
prevents  almost  completely  the  growth  of  inter- 
metallic  compounds,  during  the  process  only  a 
0,1-0, 5  micron  gamma-layer  is  built  up.10 


r l suet  io. 


NAGNIF ICATION  400X 

SAMPLE  SEND7IMIR  CIMC -COATED  STEEl  TAPE 


The  zinc-coated  steel  sheet  next  is  slitted  to  the 
required  size.  The  cutting  faces  of  the  steel  tape 
produced  in  this  way  are  not  covered  with  zinc. 

The  consequences  of  this  fact  for  the  corrosion 
behaviour  of  the  steel  tape  are  thoroughly  dis¬ 
cussed  in  chapter  4.  Figure  10  shows  the 
microstructure  of  SEZC-steel  tape,  which  consists 
of  the  steel  substrate,  a  thin  alloy-layer  and  a 
thick  pure  zinc  layer.  The  total  thickness  amounts 
to  15-20  microns. 

3.2.  Differences  in  the  properties  of  the  zinc- 
layer  between  HDZC-steel  tape  and  SEZC-steel 
tape . 

SEZC-steel  tape  is  tested  with  the  newly  developed 
quick  reference  methods,  in  order  to  compare  this 
material  with  HDZC-steel  tape. 

Due  to  the  thick  pure  zinc-layer  the  electrode¬ 
potential  of  SEZC-steel  tape  during  zinc-stripping 
remains  at  a  constant  value  during  a  finite  time 
(fig.  11).  Next  an  abrupt  increase  occurs  with  a 
little  stop  at  the  alloy-potential  to  reach  the 
electrode-potential  of  the  equilibrium  reaction 
Fe  £  Fe2+  +  2e  which  takes  place  at  the  steel  sub¬ 
strate.  For  HDZC-steel  the  potential  starts  rising 
immediately  from  the  starting  point  exhibiting  a 
few  more  or  less  pronounced  flexure-points  which 
indicate  the  boundaries  between  the  various 
al loy-layers. 

ELECTRODEPOTENTIRL  DURING  Z I NC-STR I PP I NG 
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FIGURE  11 


Comparative  bending  tests  have  been  performed  on 
25  x  0.30  mm  steel  tape,  which  is  applied  to  ar¬ 
moured  Bamboo-three  cables.  Figure  12  shows  at  the 
left  side  HDZC-steel  with  a  blistered  zinc-layer 
after  three  bends  around  a  mandrel  of  3  mm  dia¬ 
meter.  At  the  right  side  fig.  12  shows  SEZC-steel 
that  has  been  bended  for  more  than  10  times.  The 
steel  tape  is  broken  but  nevertheless  there  is  no 
blistering  of  zinc. 
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figure  iz_. 

LEFT  WIPED  MOT-DJP  ZInC-CuhTED  STEEL  TAI'E 
3  PENDS  WITH  MANDREL  DlAnFTFR  3  MM 
ZINC  PI  ISTERS  VISIPI  E 

RICH!  SENDZIMIR  CINC-COHTED  STEEL  TAPE 

MORE  THAN  ID  PENDS  IJNTILL  CRACKING 
(IT  STEEL  SU6STRATE 
NO  PLIStERING  OF  ZINC 

DIMENSIONS  OS  X  0  30  MM 


4.  THEORY  OF  CORROSION  TESTING 
4.1 .  General  principles 

The  very  qood  adherence  of  the  zinc-layer  is  alt 
important  in  the  application  of  SEZC-steel  tape  as 
cable  armour.  On  the  other  hand  the  corrosion  re¬ 
sistance  of  the  material  must  be  at  least  equal  to 
the  mat  HDZC-steel  tape  used  earlier. 

Especially  the  uncovered  cuttinq  faces  of  SEZC- 
steel  tape,  which  miqht  be  unsufficiently  cathodi- 
cally  protected  by  the  surrojndinq  zinc-layers, 
asked  for  a  thorouqh  investiqation  with  respect  to 
corrosion  behaviour.  For  that  reason  new  cable 
corrosion  tests,  both  laboratory  tests  and  tests 
in  soil,  were  developed.  These  tests  revealed 
to  be  applicable  to  the  corrosion  problems  of  all 
metallic  cable  components  and  are  not  limited  to 
the  research  described  in  this  paper. 

All  tests  are  based  upon  the  modern  electroche¬ 
mical  theory  of  aqueous  corrosion  8,14_  Thjs 
mainly  consists  of  the  two  hypotheses  of  the 
mixed-potential  theory: 


Any  electrochemical  corrosion  reaction  can  be 
divided  into  partial  oxidation  (anodic) 
reactions  (the  dissolution  reactions  of  the 
corrodinq  metals)  and  the  corresponding 
reduction  (cathodic)  reactions  (hydroqen 
formation  or  oxyqen  reduction). 


-  There  can  be  no  net  accumulation  of  electrical 
charqe  durinq  an  electrochemical  corrosion  reac¬ 
tion.  It  follows  that  durinq  the  corrosion  of  an 
isolated  metal  sample  immersed  in  an  electrolyte 
the  total  rate  of  oxidation  must  be  equal  to  the 
total  rate  of  reduction. 

The  mixed-potential  theory  can  be  explained  fur¬ 
ther  very  well  with  the  aid  of  loqarithmic  polari¬ 
zation  curves.  Fiqure  13  shows  at  the  vertical 
axis  the  electrochemical  potential  and  at  the 
horizontal  axis  the  logarithm  of  the  absolute 
value  of  the  electrical  current  densities. 
Corrosion  of  iron  basically  can  be  interpreted  as 
proceeding  of  the  anodic  dissolution  reartion: 

Fe  a  Fe  2+  +  2e  (1) 

at  the  metal-electrolyte  interface.  The  Fe  2*-ions 
diffuse  into  the  electrolyte.  The  liberated  elec¬ 
trons  form  the  e.lectrical  corrosion  current,  which 
flows  through  the  metallic  electrode. 

At  the  equilibrium  (non-corrosion)  potential  the 
oxidation  rate  is  equal  to  the  correspondinq 
reduction  rate  (Fe^+  +  2e  ♦  Fe),  so  no  net  reac¬ 
tion  occurs.  For  corrosion  to  occur  there  must  be 
at  least  one  separate  cathodic  reaction,  with  its 
own  reversible  equilibrium  potential,  which 
increases  the  potential  of  the  iron-anode.  This  is 
called  polarization  and  it  results  in  a  net 
corrosion  current. 
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The  nature  of  this  cathodic  reaction  depends  upon 
the  corrosive  environment.  In  acid  solutions  hy¬ 
drogen  formation  will  occur: 

2H30+  +  2e  *  2H20  +  H2t  (2) 

In  neutral  and  alkaline  solutions  the  corrosion 
rate  will  be  dominated  by  one  of  the  following 
cathodic  reactions: 


2H20  +  2e  ♦  H2f  +  20H- 
02  +  2H20  +  4e  -*  40H" 


(3) 


In  practice  due  to  the  low  acidity  of  most  soil 
type  oxygen  reduction  instead  of  hydroqen 
evoluation  will  govern  the  corrosion  process. 


Following  the  second  hypothesis  of  the  mixed- 
potential  theory  the  iron  will  take  a  corrosion- 


potential  (ECOrr)  at  which  the  total  rate  of 
oxidation  is  equal  to  the  total  rate  of  reduc¬ 
tion.  Neglecting  two  minor  partial  reactions  the 
following  equation  yields: 

’a.Fe  +  *c,02a  0  W 

At  this  stationary  state  cathodic  polarization  of 
the  02/0W -reaction  and  anodic  polarization  of  the 
Fe/FeF+  reaction  will  occur.  The  corrosion  current 
density  ( i corr )  equals  1a(pe  (figure  13).  It 
appears  that  there  is  a  liniar  relation  between 
the  potential  and  the  logarithm  of  the  current 
density  provided  that  the  potential  is  not  to 
close  to  the  equilibrium  potential.  The  slope  of 
the  curve  is  called  the  Tafelconstant  (e). 

Figure  14  shows  the  situation  for  zinc-corrosion. 
Compared  with  iron  the  Following  differences  are 
important: 
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-  The  equilibrium-potential  of  zinc  Is  more  nega¬ 
tive  because  zinc  has  a  greater  tendency  to  dis¬ 
solve. 

-  The  hydrogen  evolution  rate  at  the  zinc  surface 
Is  smaller. 

Nevertheless  the  corrosion-potential  of  zinc  is 
more  negative  and  the  corrosion  current  density 
larger  when  compared  with  iron. 


4.2.  Cathodic  protection 

The  principles  of  the  mixed-potential  theory  can 
also  be  used  very  well  to  explain  the  mechanism  of 
cathodic  protection  of  a  steel  substrate  by  a 
zinc-layer,  acting  as  sacrificial  anode 
In  that  case  there  must  be  an  electrical  contact 
between  the  iron-electrode  and  the 


zinc-electrode.  Both  metallic  parts  take  the  same 
electrode-potential  and  no  net  electrical  charge 
can  be  accumulated  (fiqure  15).  The  anodic  current 
(dissolving  of  zinc)  is  equal  and  opposite  to  the 
sum  of  all  cathodic  currents.  The  corrosion- 
potential  belonging  to  this  situation  is  more 
negative  than  the  iron  equilibrium-potential. 

Therefore  no  anodic  dissolution  can  take  place  at 
the  iron  surface,  prohibiting  any  corrosion 
attack.  The  anodic  corrosion  current  at  the  zinc 
surface  is  increased,  compared  with  the  uncoupled 
situation.  Being  the  active  metal  of  the  galvanic 
couple,  zinc  is  attacked  due  to  galvanic 
corrosion. 
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So  the  purs  zinc-layer  on  SEZC-steel  tape  provides 
a  very  effective  cathodic  protection  for  the 
underlaying  steel  and  the  uncovered  cutting 
faces.  Mat  HDZC-steel  tape,  however  is  covered 
with  an  alloy-layer.  The  equilibrium  potential  of 
this  compound- layer  can  be  found  between  that  of 
pure  iron  and  pure  zinc  (figure  16)  (compare  the 
zinc-stripping  curves  of  figure  9).  Therefore  in 
this  case  the  corrosion-potential  is  nearer  to  the 
equilibrium-potential  of  iron,  so  that  the  latter 
is  less  effectively  protected,  as  will  be 
explained  later.  The  corrosion  current  of  the 
zinc-layer,  however,  is  smaller. 


4.3,  Measurement  of  the  anodic  corrosion  current 

When  trying  to  measure  the  anodic  corrosion 
current  of  an  iron  or  zinc  sample  one  is  faced 
with  the  problem  that  an  anodic  corrosion  current 
is  always  accompanied  with  a  cathodic  current, 
resulting  in  no  net  current  exchange.  So  the 
anodic  corrosion  current  can  only  be  measured 
indirectly  by  the  application  of  an  external 
overvoltage  with  the  aid  of  a  potentiostate,  thus 
increasing  the  potential  of  the  sample 
artificially.  In  this  way  an  external  current  can 
be  measured,  the  net  difference  between  the 
current  densities  of  the  simultaneously  occurring 
anodic  and  cathodic  reactions.  The  relation 
between  the  externally  applied  overvoltage  and  the 
measured  current  gives  the  experimental 
polarization  curve.  Figure  17  shows  schematically 
the  situation  for  both  iron  and  zinc.  In  this 
figure  at  the  horizontal  axis  the  current 
densities  now  has  been  plotted  liniarly. 


A  mathematical  equation  can  be  derived  describing 
the  polarization  curve  which  represents  the 
relations  between  the  applied  overvoltage  (g),  the 
measured  current  (I)  and  the  unknown  corrosion 
current  ( Icorr): 


1  =  rcorr  (e*P  h/ha)  '  exp  (- q/bc) ) 
H  "  E  ■  ^corr 


(5) 


Here  ba  and  bc  are  constants,  related  to  the  Tafel 
constants  which  characterize  the  local  anodic  and 
cathodic  reactions3a  an dec  by: 

ba,c  =  Ba>c/ln  10  =  Ka>c/2,303  (6) 

Methods  have  been  developed  °  to  experimentally 
determine  these  constants. 

A  few  methods  are  known  to  derive  from  equation 
(5)  practically  applicable  analysis  techniques. 
The  classical  liniar  polarization  technique  of 
Stern  and  Geary  16  assumes  that  the  experimental 
polarization  curve  becomes  liniar  as  i)  i  I). 

If  q  a  0  equation  (5)  can  be  rewritten  as: 


1  "  Icorr  (  J  +  '  ) • H 

ba  b. 


ua  uc 
or  assuming  a  linear  curve 


,  ba.bc 

Corr  u — iallp 

ba*bc  ,JE  Lcorr 


*  B 
Rn 


(7) 

(8) 
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Here  Rp  is  the  slope  of  the  polarization  curve  at 
the  corrosion-potential.  Rp  is  often  called 
polarization  resistance. 

A  similar  method  is  to  evaluate  the  current  at  a 
fixed  overvoltage.  Then  from  equation  (8)  can  be 
derived: 

tcorr  -  I  .  K  (K  supposed  to  be  constant)(9) 

This  method  is  applied  in  some  commercial 
available  corrosion  rate  meters  and  for  instance 
used  by  Choo  This  one-point  method  can  be 
quite  useful  if  qualitative  corrosion  rates  are 
required.  Fluctuations  in  the  corrosion-potential 
will  however  always  result  in  a  more  reliable 
indication  of  icorr  from  multiple  current 
measurements  at  various  overvoltages. 

A  new  method  based  upon  curve  fitting,  which  does 
not  assume  a  linear  polarization  curve,  is 
recently  developed  by  Leroy  1®.  He  states:  "the 
best  value  of  Icorr  is  the  value  for  which  the  sum 
of  the  squares  of  the  deviations  of  the  measured 
currents  (Ij)  from  the  predicted  (equation  (5))  is 
a  minimum".  In  mathematical  terms  this  yields: 

«  Ij  -  lco,,l  EX*  nj'b.-Exr  --|j'bc  I  )*>  .  #  (  1°  ) 

or 

mi 

lcprr  -  V**/ 

In  this  method  no  graphical  exploration  of  the 
polarization  curve  has  to  be  done,  as  is  the  case 
with  the  liniar  polarization  technique.  Digitally 
recorded  overvoltage  and  current  values  can  be 
directly  evaluated  with  the  aid  of  a  simple 
computer  program  based  upon  equation  (11). 


Values  of  the  Tafelconstants  b a  and  6C  have  been 
published  Althouqh  these  values  differ  from 

case  to  case  Leroy  has  proven  that  a  deviation 
between  real  and  assumed  values  is  of  minor 
influence  upon  the  value  of  the  corrosion  current, 
when  calculated  accordinq  to  the  curve  fitting 
method.  In  our  calculations  the  following  values 
of  the  Tafelconstants  are  used:  8d  =  30  mV  and  B c 
*  -120  mV. 


4.4.  Comparative  corrosion  current  measurements 

To  get  an  impression  about  the  reliability  of  the 
analysis  techniques  mentioned  above  comparative 
measurements  were  performed.  A  special 
polarization  cell  suited  for  flat  specimens  is 
used.  In  this  cell  a  circular  spot  with  a 
well-known  diameter  is  exposed  to  the 
electrolyte.  This  cell  also  can  be  used  very  well 
to  record  the  potential  zinc-stripping  curves 
mentioned  earlier. 

Two  experimental  polarization  curves,  recorded 
with  a  Wenking  POS  73  potentioscan  at  uncoated 
bare  steel  and  SEZC-steel  respectively,  in  a  0,05M 
Na2S04-solution,  are  shown  in  figure  18.  In 
accordance  with  figure  17  it  can  be  seen  that  the 
corrosion-potential  of  zimc  is  more  negative. 
Moreover  the  slope  of  the  polarization  curve  at 
the  corrosion-potential  reveals  a  larger  corrosion 
current  for  zinc. 
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FIGURE  10 


Figure  19  shows  the  corrosion  rates  of  uncoated 
bare  steel  tape  in  various  corrosive  environments. 
Comparing  weight  loss  results  with  two  important 
electrochemical  methods  it  can  be  seen  that  the 
Leroy-method  gives  slightly  better  results.  Added 
to  the  easy  handling  made  us  decide  to  generally 
adopt  this  method  for  the  calculation  of  corrosion 
currents. 


COMPARISON  OF  CORROSION  RATE  MEASUREMENTS 
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5.  LABORATORY  CABLE  CORROSION  T STJT 
5.1.  Cable  corrosion  test  construct’  1 


Generally  speak  inq  toe  cyst  reliable  i  -m 

test  results  are  achieve  .1  on  complete  rah.'- 
samples,  due  to  the  complex  nature  af  ci'niini 
attack.  When  testing  an  isolated  sample  sne  ilwavs 
will  change  unintent iona  1  1  v  some  parameters  like 
oxygen  content  or  ion  concent r3t ipn  as  compared 
with  the  real  cable  situation.  Therefere  a  new 
cable  corrosion  test  equipment  has  been  developed 
in  which  simultaneously  six  complete  cable  samples 
with  a  length  of  approx.  50  cm  can  be  tested,  in 
combined  exposure  and  electro-chemical  testing. 
Fiaure  20  shows  a  general  overview.  Important 
parameters  of  the  electrolyte  can  be  measured, 
artificial  oast  low  can  be  applied  and  provisions 
have  been  made  for  e lect ro-chemi cal  measurements 
at  different  metallic  cable  parts,  witn  these 
techniques  a  quick  and  continuous  determination  of 
corrosion  parameters  is  possible.  Besides  tnev  are 
unevitable  when  testing  complete  cable  samples 
because  weight  loss  determinat ion  can  net  be 
applied.  All  tests  are  carried  out  at  room 
temperat jre . 


*■  .0.  |>Ml  |  kvi.g  .  *•  -n  !  ‘I  *1  •  '*!•••• 

61.;**’:  . . .  [.!  ’A  ►<:  :  ■  -i-f*- 

5.2.  Corrosion-potential  during  exposure  test 

The  effective  protection  of  the  steel-substrate  by 
a  zinc-coating  is  depending  upon  the  time  the  cor- 
ros  ion-potent  i  a  1  of  the  armour  tape  is  controlled 
by  the  zinc  corrosion-potential.  Therefore  the 
corrosion-potent i a  1  has  been  recorded  durina  ex¬ 
posure  of  several  cable  samples  in  the  test 
tubes.  In  this  way  similar  curves  are  recorded  as 
the  zinc-stripping  curves  described  earlier. 
In  the  first  place  two  Ramboo-three  cable  samples 
with  an  artificial  circumferential  outersheath 
damage  of  A  cm  length  were  tested  in  a  0.05  M 


Na9SH4  solution  'ro»rific  conductivity: 

11  mS.r.T"  1  ’ .  Thu  cirrus  ion-potent  i  a  I  of  the  cable 
samp!.-  irriiur-i  with  Cc/C-steel  maintains  the 
viiij.'  d  tin-  z i nr-c jr»- us i on  pot-:  . a  1 .  even  after 
•i".ir!v  ill  tne  zinc  at  the  damaged  spot  has 
boon  dissolved.  The  potential  of  the  sample 
arm-diit-.- 1  wi'n  -r  j*  ^O/C-steel  changes  quickly, 
-.-so  1  *  ni'j  it,  j  diminish"-!  cathodic  protection 
fig.  tx . t h  rases  the  total  thickness  of 

t  'V-  z  ■  m  -  1  i  V" r  i-  mi  ..runs. 

ELL'l  It  ItEf  -Ttl.T  :„L  I-I.-UMC.  ■■  CS-tO  ■  i  i'.'1-.-TE  :  T 


ric-.'kC  Zl 

V»t  two  paramet-i-rs  were  expljred  more  in  detail, 

the  rorrjsive  environment,  and  the  dimensions  of 

the  sheath  damaqe. 

Test,  solutions: 

-  Tap-water  (pH  =  6.75;  specific  conductivity  = 
0.65  mS.  cm”' ) 

-  2.5%  N aC 1  +  2.5%  hauS04  (pH  =  7.2;  spec.  cond.  * 
60  mS .  cm” 1 ) 

Sheath  damages: 

-  2  mm  length 

-  25  mm  length 

-  50  mm  length  including  zinc  removal  of  25  mm. 

Fiqure  22  shows  the  results.  The  most  important 

conclusions  are: 

-  The  corrosion-potential  does  change  faster  in 
the  low-conducting  tap-water  than  in  the  salt 
solution,  because  the  hiqher  electrolyte  resis¬ 
tance  decreases  the  contribution  of  the  protec¬ 
ting  zinc-reaction. 

-  The  corrosion-potential  of  SEZC-steel  exhibits 
under  all  circumstances  a  more  negative  value 
revealing  a  cathodic  protection  behaviour  which 
is  at  least  as  good  compared  with  that  of  mat 
HDZC-steel . 

-  The  influence  of  the  size  of  the  sheath  damage 
is  rather  small.  It  decreases  in  the  course  of 
time  for  the  mat  HDZC-steel  samples  placed  in 
the  !ow~condurtive  tap-water  and  increases  for 
all  samples  placed  in  the  salt  solution. 
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ciqjre  ?3  snows  some  photsxKdohs  of  cable  sanoles,  sx^'V.ts  less  attach  of  the  st~u1  s-jbst'at 

fro^  wnicb  can  be  concluded  that  SEZC-steel  mat  HDZC-steel. 
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r  i /sure  : : . 
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5.3 .  Corrosion  current  measurements  on  cable 
samp les 

At  regular  time  intervals  the  corrosion  currents 
of  the  samples  mentioned  have  been  measured  and, 
assuming  a  certain  active  metal  area,  the 
corrosion  rate  has  been  calculated.  To  this  end 
the  experimental  polarization  curves  were  recorded 
and  analysed  following  the  previously  described 
Leroy-method.  Figure  24  shows  some  data,  recorded 
after  75  days  of  exposure.  The  conclusions  are: 


test- 

locat ion 

soi  1 

resistivity 

(Cm) 

redox-potential 
(mV  NHE ) 

no. 

min. 

mean 

max. 

min.  mean  max. 

i 

3.3 

7.3 

ii 

223  258  291 

2 

5560 

8080 

10700 

248  308  358 

6.2 .Corrosion-potential  during  soil  tests 


CORROSION  current  ont  CORROSION  rote 


FIGURE  24 


-  The  corrosion  rate  in  the  low-conducting  tap- 
water  is  about  2  to  10  times  smaller  than  in  the 
salt  solution. 

-  The  apparently  higher  corrosion  rate  of  the 
samples  with  a  small  sheath  damage  reveals  a 
larger  active  surface  area  expanding  under  the 
undamaged  sheath. 

-A  well  performing  cathodic  protection  needs  a 
larqe  zinc  corrosion  rate.  Indeed  at  SEZC-steel 
a  higher  corrosion  rate  is  measured  compared 
with  m*:  HDZC-steel. 

6.  CABLE  CORROSION  TESTS  IN  SOIL 
6.1 .  Assessing  soil  properties 

To  affirm  the  laboratory  corrosion  tests  some 
tests  in  soil  have  been  carried  out  on  complete 
cable  samples  huried  in  soils  with  well-known  pro¬ 
perties.  To  assess  the  aggressiveness  of  different 
soil-types  several  parameters  can  be  used,  variing 
from  the  water-content  to  the  presence  of  oxygen 
or  orqanic  acids  19,20.  Two  commonly  applied 
methods  are  selected.  The  soil  resistivity 
measurement  using  the  Wenner  four-electrode  method 
21  and  the  redox-potential  of  an  inert  platinum 
electrode  22,  Based  upon  available  data  two  test- 
sides  have  been  selected  with  largely  divergent 
soil  resistivities.  The  soil  parameters  were 
measured  during  10  months.  They  depend  to  some 
extent  on  the  time  of  year,  temperature  and 
rainfall.  Results  are  shown  in  the  following 
table.  Test- locat ion  no.  1  can  be  classified  as 
moderately  agqressive,  test-location  no.  2  as 
non-aggressive. 


Bamboo-three  cable  samples,  with  a  length  of  10 
meters  and  armoured  with  SEZC-steel  and  mat 
HDZC-steel  respectively,  were  buried  at  the  two 
test  sides.  Different  outersheath  damages  were 
applied: 

-  a  circular  incision  every  0.5  meter 

-  a  100  mm  damaae  including  zinc  removal  for 
35  inm  every  2,5  meter 

-  the  outersheath  removed  over  4  meter  length 

The  corrosion-potential  was  recorded,  being  the 
controlling  parameter  for  the  corrosion 
behaviour.  In  this  case  the  reference-electrode  is 
a  Cu/CuS04  field-electrode  with  its  potential 
being  73  mV  more  noble  than  the  value  of  the 
calomel  electrode. 

Fiqure  25  shows  the  results.  In  the  non-aggressive 
test- location  SEZC-steel  acts  better  than  mat 
HDZC-steel  for  all  damaqes  tested.  The  potential 
of  SEZC-steel  has  a  value  between  -850  and  -900  mV 
vs.  the  Cu/CuSOg  electrode,  after  approx.  25  weeks 
of  exposure.  The  potential  of  mat  HDZC-steel  has  a 
value  between  -550  and  -600  mV.  This  corresponds 
with  the  corrosion-potential  of  the  steel  sub¬ 
strate,  which  no  lonqer  is  protected .V i sual 
inspection  of  the  samples  does  not  reveal  however 
any  significant  attack. 

In  the  moderatly  aggressive  test-location  no.  1 
there  is  only  difference  between  both  types  of 
zinc-coated  steel  in  case  of  the  incision  damaqe. 
The  value  of  the  potential  is  about  175  mV  more 
neqative  for  SEZC-steel  tape. 

Generally  speaking  both  laboratory  and  soil  tests 
show  that  SEZC-steel  tape  has  a  better  or  excep¬ 
tionally  equivalent  corrosion  resistance  compared 
with  mat  HDZC-steel  tape. 
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FIGURE  25 


7.  DISCUSSION 

Once  a  sheath  has  been  damaged  soil  water  will 
enter  the  cable  at  the  damaged  soot  and  migrate 
along  the  crevice  between  outersheath  and  armour 
tape.  The  oxygen  near  the  sheath-opening  is  re¬ 
plenished  by  diffusion  from  the  surrounding  soil 
water,  so  an  oxygen  concentrat ion  gradient  is 
established.  The  water  near  the  sheath  opening  is 
oxygen-rich  compared  to  water  between  jacket  and 
armour  tape. 

According  to  Choo  *-7  there  are  two  important 
mechanisms  which  can  explain  enlarged  corrosion 
attack  of  metallic  cable  components  in  case  of 
sheath  damage,  besides  the  normal  aqueous  cor¬ 
rosion: 

-  Galvanic  corrosion  due  to  dissimilar  metals. 
This  has  been  thoroughly  discussed  in  chapter 
4.2.  The  reverse  of  galvanic  corrosion  is  catho¬ 
dic  protection  by  e.g.  a  sacrificial  zinc-layer. 

-  Galvanic  corrosion  due  to  differential  aera¬ 
tion.  The  area  of  the  metal  exposed  to  a  higher 
oxygen  concentrat ion  is  cathodic  to  the  area  in 
a  lower  concentration. 

A  critical  situation  arises  if  bare  steel  is  ex¬ 
posed  to  the  soil  water,  as  a  result  of  the  almost 
complete  dissolution  of  the  zinc-layer  at  the 
damaqed  spot  or  in  case  of  severe  mechanical 
damage  of  the  zinc-layer.  The  steel  then  is  pro¬ 


tected  by  a  combined  action  of  the  two  mechanisms: 
differential  oxygen  aeration  and  cathodic  protec¬ 
tion  by  the  neighbouring  zinc-layer. 

At  the  bare  steel  the  cathodic  oxygen  reduction 
can  take  place  very  easily,  whilst  the  zinc-layer 
under  the  sheath  dissolves  at  an  ever  increasing 
distance  from  the  damaged  spot,  maintaining  by 
this  undersheath  attack  the  corrosion-potential  at 
a  constant  zinc-corrosion  value. 


As  seen  in  both  laboratory  and  soil  tests  in 
course  of  time  the  electrode-potential  increases 
to  that  of  the  steel-substrate.  SEZC-steel 
exhibits  this  behaviour  less  pronounced  than  mat 
HDZC-steel,  revealing  a  oetter  cathodic 
protection.  The  potential-increase  is  caused  by 
a  few  cooperating  circumstances.  This  can  be 
explained  with  the  aid  of  the  theoretical  loga- 
ritmic  polarization  curves  in  case  of  undersheath 
attack.  Figure  26  shows  these  curves  for  SEZC- 
steel  {compare  figure  15). 

-  The  zinc  equilibrium-potential  is  increased  by 
an  increased  zinc-ion  concentration  near  the 
anodic  spot.  The  zinc-ions  are  hindered  to  dif¬ 
fuse  away  in  the  electrolyte  due  to  the  covering 
PE  outersheath.  The  Nernst  equation  gives  the 
relation  between  concentration  and  electrode-po¬ 
tential  : 


•v,2*  o,Z* 


|f IntZn* 


(12) 
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Here; 


^ev , Zn 

is 

the 

zinc 

egu i  1  i hr i jm-ootent i a  1 

Eo,Zn 

{Zn?*J 

i  s 

the 

zinc 

standard-potent i al 

is 

the 

zinc- 

ion  concentrat ion 

z  is  the  number  jf  reactinq  electrons 

of  one  atom 

For  each  tenfold  increase  in  zinc-ion  concen¬ 
tration,  the  zinc  equi 1 i br i jm-potent  i  al  in- 
ceases  by  30  mV,  because  z=2  for  zinc. 

Ou'inq  the  corrosion  reaction  the  cathodic  area 
will  increase,  because  an  ever  increasing  area 
bare  steel  has  to  be  protected.  This  results 
in  an  increasing  cathodic  current,  while  Current 
densities  do  not  chaiqe.  A  larger  cathodic 
current  will  raise  the  (corrosion)  potential,  at 
which  cathodic  and  anodic  current  (which  is 
increased  as  well;  are  equal. 


(:urr i c I eut  protection  or  ;teel  t, 

I  IN  cftSE  or  UNDERlHEhTH  hTTRCV 


LC0fr  ,f  ^♦Zn 


/ 


n&URE  26  . 


_ _ _ L 

loel  I  rnrrl 

indl  H  _ *  Ft»Zr. 


-  The  11-drop  will  increase  durinq  the  corrosion 
process  due  to  the  increasing  distance  between 
anodic  and  cathodic  places. 

The  !R-drop  decreases  the  potential  difference 
between  anodic  and  cathodic  regions,  thus 
increasing  the  corrosion-potent  ial .  The 
electrolyte  with  a  low  specific  conductivity  will 
have  the  most  influence.  This  agrees  with  test 
results. 

Figure  27  shows  the  theoretical  situation  for 
undersheath  attack  of  mat  HDZC-steel.  The  same 
ci'cumstances  raise  also  in  this  case  the 
corros ion-potent i a  1 .  The  equilibrium-potential  of 
the  zinc-iron  alloy  is  however  less  negative,  so 
the  corros ion-potent i a  1  can  pass  the  iron 
egui  1  i pri jip-potent l'a  1 .  This  results  in  attack  of 
the  stee 1 -substrate ,  due  to  the  anodic  iron 
dissolution  reaction  which  can  take  place  now. 


lifl'ccrrl 

'Rul  >1 _ »  Fr»il  1  ov 
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GENERAL  CONCLUSION 

The  general  conclusion  of  the  research  on 
zinc-coated  steel  tape  is  that  the  application  as 
cable  armour  tape  of  slitted  steel  sheet  covered 
with  a  zinc-layer  mainly  consisting  of  pure  zinc 
has  considerable  advantages:  The  zinc-layer 
will  by  nc  means  blister  and  the  steel-substrate 
including  the  uncovered  cutting  faces  are  well 
cathodically  protected  by  the  pure  zinc-layer. 
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OF  CABLE  MATERIALS 
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ABSTRACT 

AJ  - 

Test  procedures  and  devices  are  descri¬ 
bed,  which  are  used  to  determine  the  be¬ 
havior  of  materials  for  telecommuni¬ 
cation  cables  under  the  influence  of  high 
energy  radiation. 

Radiation  sources  are  Electron  v.d.Graaf- 
Generator  and  Co-60  rods. 

The  samples  are  exposed  to  radiations  of 
various  dose  rates  as  plates  or  cables 
respectively. 

To  test  also  specimens  under  more  real 
service  conditions  a  cell  was  equipped 
to  measure  transmission  properties  of 
cables  during  the  radiation  at  elevated 
temperature. 

Some  results  of  our  investigations  are 
discussed  and  demonstrated  by  graphes. 


1 ■  INTRODUCTION 

The  service  conditions  of  cables  in¬ 
stalled  in  reactor  stations  and  nuclear 
power  plants  demand  high  quality  materi¬ 
als  of  very  special  requirements. 

Such  cables  must  be  flame  retardent, 
i.e.  they  must  extinguish  by  themselves 
and  must  not  lead  farther  a  fire.  They 
must  not  in  the  case  of  fire  drip  off 
burning  particles  and  they  must  not  gene¬ 
rate  corrosive  gases.  They  must  withstand 
in  the  Loca-Test*)  the  simultaneous  in¬ 
fluence  of  heat,  steam  and  pressure.  They 
must  meet  usual  electrical  requirements 
and  last  not  least  they  must  be  radiation 
resistance  in  a  high  degree.  Because  the 
security  of  the  population  as  well  as 
technical  equipments  are  dependent  on  the 
quality  of  the  cables  and  wirings  the 
requirements  are  of  a  very  high  level  in 
this  special  branch. 

In  the  field  of  formulations  and 
choice  of  the  materials  for  those  cables 
publications  and  the  technical  literature 
is  not  of  great  help.  The  national  pre¬ 


scriptions  are  very  different  and  whoever 
gains  improvements  in  material  develop¬ 
ment  wouldn't  publish  how. 

Therefor  our  company  is  engaged  since 
some  years  developping  compounds  for  cab¬ 
les,  which  can  be  used  in  nuclear  power 
stations.  During  these  activities  the 
radiation  resistance  of  the  cable  materi¬ 
als  were  perpetual  the  dominant  question. 
We  determined  this  radiation  resistance 
in  various  kinds.  The  procedures  are 
described  in  the  following. 


2,  TEST  PROCEDURES 

The  investigations,  which  are  not  yet 
finished,  are  to  divide  in  three  chapters: 

.  short  term  irradiation  in  laboratory 
( see  2.1.) 

.  long  term  irradiation  in  laboratory 
(see  2.2. ) 

tests  in  technical  facilities  (see 
2.3.) 

2.1.  Short  term  irradiation  in  laboratory 

The  radiation  source  is  a  v.d.Graaf- 
Generator,  which  is  regulated  to  2  MV 
beam  voltage  and  a  dose  rate  of  9  ... 

90  MGy/h. 


Because  the  electron  beam  has  on  the 
sample  surface  only  a  1.5  ...  2  cm  diame¬ 
ter  it  oscillates  with  a  frequency  of 
f  =  10  Hz  to  cover  the  complete  width  of 
the  samples. 

With  this  equipment,  the  materials  are 
irradiated  as  plates  or  tapes.  The  speci¬ 
mens  are  about  8  ...  10  cm  wide  and  up  to 
1  m  long.  They  are  moved  under  the  oscilla¬ 
ting  electron  beam  by  some  kind  of  carri¬ 
age  with  a  max.  speed  of  bO  mm/s. 

To  get  a  homogeneous  electron  distri¬ 
bution  in  the  sample  material  the  samples 


*)  Loss  of  coolant  accident 
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with  a  2  ram  thickness  are  put  on  gra¬ 
phite  and  covered  by  1  mm  PE  plates. 

Remarkable  is  the  increase  of  the  ma¬ 
terial  temperature  of  k  K/10  Gy  dose, 
i.e.  during  the  absorption  of  200  kGy 
dose  the  temperature  increases  for  80  K. 


Fig.  1  Laboratory  equipment  for  short 
term  irradiation  of  materials 
with/5 -rays.  The  v.d.Graaf- 
Generator  is  located  in  the 
floor  above.  Before  the  rear 
wall  the  vacuum  pump  system  is 
to  see.  Specimens  are  put  on 
the  graphite  surface  of  a  carriage 
to  move  them  under  the  ray  window 


By  repeated  moving  back  and  forth  un¬ 
der  the  electron  beam  every  wanted  radia¬ 
tion  dose  can  be  applied.  A  typical  radia¬ 
tion  dose  for  our  investigations  is 
1.5  MGy  =  150  Mrd  and  exposition  times 
of  1  ...  10  min. 


differ  more  in  economical  aspects.  The 
equipments  consider  the  number  and  the 
shape  of  the  samples  (cables  or  plates) 
and  whether  the  wanted  dose  shall  be  accu¬ 
mulated  within  weeks,  months  or  years. 


Test  equipment  "1"  for  long  term 
irradiation 


The  smallest  test  equipment  used  is 
a  Co-60  source  of  2  cm  diameter,  which 
consist  of  1  mm  pellets.  According  to  the 
smallness  it  is  called  a  point  source. 
Point  sources  are  of  geometric  conditions 
well  to  overlook. 


Fig.  2  Room  arrangement  with  Co-60 
point  source 


2.2.  Long  term  irradiation  in  laboratory 


In  the  field  of  long  term  irradiation 
there  are  several  test  possibilities, 
which  we  used  and  still  do  so.  The  radia¬ 
tion  sources  are  Co-60  rods  that  means 
gamma-sources.  The  Co-60  gammas  have  two 
energy  levels:  1.17  MeV  and  1.35  MeV, 
which  can  be  taken  to  the  mean  value  of 
1 .25  MeV. 


Co-60  has  a  half-life  of  T/2  =  5.25  a. 
This  must  be  taken  into  account  for  the 
dose  rates  and  the  doses  in  long  term 
experiments . 


The  irradiation  procedures  with  Co-60 
sources  are  all  on  principle  equal.  They 


The  source  has  had  an  initial  activity 
of  3.78  kCi  and  a  dose  rate  at  1  m  distan¬ 
ce  of  "■<  U2  Gy/h,  which  now  decreased  in  the 
meantime  to  30  Gy/h  =  3  krd/h. 

The  distance  between  source  and  samples 
is  to  vary  from  0.12  m  to  6  m.  The  opened 
source  radiates  in  a  bevel  angle  of  22°. 
This  narrow  angle  and  the  limited  possi¬ 
bility  for  the  distances  limit  also  the 
useful  diameter  of  the  area  for  experi¬ 
ments  . 
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Distance 

Radiation  Cone 
Diameter 

Dose 

Rate 

m 

m 

Gy/h 

krd/h 

0.2 

0 . 078 

1050 

105 

1 

0.39 

42 

4.2 

2 

0.78 

10.5 

1.05 

6 

2.35 

1.17 

0.117 

Tab. 1  Relations  at  test  equipment  "1" 

between  source-samples  distances, 
irradiated  area  and  dose  rate 
(Co-60  activity  3.78  kCi) 


With  this  equipment  it  is  easy  to  fix 
cables  of  25  m  length  on  each  side  of  a 
wooden  board  for  irradiation.  Such  an 
experimental  procedure  makes  it  possible 
to  measure  electrical  transmission  dates 
during  the  irradiation. 


Fig.  3  Co-60  test  arrangement  "1".  On  the 

left  side  the  Co-60  point  source 
box  is  to  see.  In  6  m  distance 
a  cable  specimen  is  fixed  on  o 
wooden  board.  In  the  course 
of  rays  are  sample  holders  made 
of  aluminium  partially  isolated 
by  foamed  plastic 


The  Co-60  gammas  have  a  ft-'  at  penetra¬ 
tion  power.  Therefor  it  is  allowed  to  in¬ 
stall  in  the  course  of  rays  some  cases. 

All  outfits  consist  of  aluminium  or 
plastic.  We  test  in  these  cases  chiefly  ma¬ 
terials  on  the  base  of  PE  and  SiR. 


2.2.2.  Test  equipment  "2"  (plates)  for 
iong  term  irradiation 

The  second  long  term  irradiation  sta¬ 
tion  is  intended  for  plates  and  has  a 
higher  efficiency.  The  gamma  source  con¬ 
sists  of  2  x  16  Co-60  rods,  which  are 
circular  straight,  situated  in  two  levels 


superimposed  and  combined  in  a  cylindri¬ 
cal  container  with  an  outer  diameter  of 
21  cm.  The  source  is  placed  in  the  center 
of  a  well  shielded  room  and  radiates  ra¬ 
dially  exept  an  angle  of  m  20°  in  which 
is  located  the  controlling  mechanism  for 
the  rods. 

The  Co-60  gamma  source  has  had  an 
initial  activity  of mIO  kCi  and  gave  off 
dose  rates  from  5  xGy/h  =  50 0  krd/h  at 
1  mm  distance  to  3  Gy/h  =0.3  krd/h  at 
1.80  m  distance  additional  5  cm  lead 
shield. 

Advisable  the-spec imens  are  plates  it. 
size  mi 5  x  15  cm.  With  regard  to  the 
gamma -radiation  the  thickness  is  not 
critical  and  is  in  our  trials  1  ...  1 .  -  mm 
Eight  plates  are  combinc-c  to  n  pa  xsgr . 

In  order  to  prevent  potential  metal  ca'a- 
lytic  influences  curing  the  long  t r::. 
experiments  the  plates  ar<-  fixed  -r.  ra.,<e 
without  touching  any  metis i .  To  make  e  -re 
a  not  hindered  circulation  of  air  •  he 
plates  will  be  kept  ir,  a  certain  cista:.  ■ 
by  plastic  spacer. 

Irradiation  occurs  at  room  tern:  eratur*  . 
Only  direct  on  the  source  surface  a  ma¬ 
terial  heating  up  to  3C  ...  U0'J  Z  is  to 
be  expected.  The  room  has  a  change  of  air 
of  6/h.  The  amount  of  ozone  is  tc  neglect. 

With  this  source  we  irradiate  materiel;; 
up  to  two  years.  Tru  ?k  oumu.eceu  .:~rcv 
depend  on  the  likewise  *•?•:. ttc  u.  .?•  re  ox. 
That  means  total  noses  "  ...  2  V.Gv 

*  5  ...  200  Mrad. 


Fig.  A  Sample  arrange men •  in  tool 
procedure  "i"  ;  r  :  '  cl  ( 
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This  radiation  source  is  especially 
suitable  for  simultaneous  investigations 
of  several  materials  for  comparislon, 
with  which  one  must  be  sure  that  all 
samples  will  be  processed  identically. 

Such  a  test  program  is  shown  in  the 
following  table: 


bo£t  lilt 

tf 

Exposition  time 

Total  dose 

Oy/h 

krd/h 

a  m  a 

kCy 

Mrd 

■ 

1  *  11 

ujQ 

‘ 

tt) 

5 

1  ^  11 

t>00 

*>0 

MJU 

'  ■-> 

‘w  ♦  Iti 

2000 

200 

2000 

200 

1  ♦  12 

2000 

200 

‘iOOO 

‘ZOO 

27 

2000 

200 

Tab.  2  Program  for  material  irradiation. 

Exposition  times  for  wanted  total 
doses  at  given  dose  rates 


To  get  the  smallest  dose  rate  a  lead 
screen  of  5  cm  in  front  of  the  samples 
in  the  farest  position  (1.80  m)  is  re¬ 
quired.  For  the  maximum  dose  rate  the 
test  pieces  must  be  attached  directly  on 
the  Co-60  container.  Therefore  this  irra¬ 
diation  represents  an  extreme  test,  with 
which  the  material  will  be  stressed  by 
radiation  and  additionally  by  mechanical 
bend,  perhaps  ozone  attack  and  thermal 
influence  of  ^40°  C. 

In  these  investigation  series  the  pro¬ 
ductiveness  and  capacity  of  the  following 
laboratories  order  the  frequency  of  inter¬ 
mediate  value  collection,  the  number  of 
samples  and  the  plurality  of  materials. 


2.2,3.  Test  equipment  "3"  (cables)  for 
long  term  Irradiation 


2.2. 3.1.  Test  procedure  in  concret  floor 
cavities.  Another  long  term  irradiation 
test  equipment  in  laboratory  style  is  in¬ 
tended  for  comfortable  cable  examinations 

In  the  concrete  floor  of  a  laboratory 
hall  are  hollowed  out  cavities.  These 
floor  cavities  **30  cm  diameter  and  ~  65  cm 
height  are  closed  by  a  concrete  sxopper 
plug  equipped  with  three  labyrinth  passa¬ 
ges.  The  passages  are  assigned  for  the 
cable  sample  and  for  the  ventilation  of 
the  experiment  space. 


Fig.  5  Sketch  of  a  concrete  floor 
cavity 


We  installed  two  floor  cavities  for 

1  Gy/h  =  O.i  krd/h 
10  Gy/h  £  1  krd/h. 

To  gain  exact  results  the  Co-60  rods 
were  individual  activated  in  a  reactor 
to  the  requested  dose  rates. 

The  Co-rods  consist  in  these  cases  of 
Co-granules  in  a  double-walled  protectiv 
covering.  The  complete  rods  have  an  outer 
diameter  of  25  mm  and  a  useful  length  of 
0.75  m. 

In  each  floor  cavity  45  m  cable  length 
can  be  wrapped  on  a  cylindrical  device. 

We  installed  in  both  of  them  three  cables 
15  m  each  because  we  guess  this  as  the 
minimum  for  a  reliable  measurement  of 
electric  transmission  properties.  In 
addition  short  pieces  of  cables  can  be 
stored  in  the  cavities  to  have  samples 
available  during  the  long  term  test  for 
examinations  in  other  laboratories. 

By  external  controlling  using  the  ven¬ 
tilation  the  samples  are  heated  at  50°  C 
+.  5  K.  Doing  this  the  great  heat  capacity 
of  the  cavity  walls  is  remarkable  as  well 
as  the  heating  of  the  specimens  by  the 
absorbed  radiation  (4  K/10  Gy). 
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2. 2. 3. 2.  Test  procedure  in  a  "hot  cell". 

A  farther  trial  is  carried  out  at  a  dose 
rate  of  0.5  kGy/h  =  50  krad/h.  According 
to  this  dose  rate  the  irradiation  runs 
for  a  shorter  tim  .  Due  to  internal  rea¬ 
sons  we  perform  this  test  not  in  a  con¬ 
crete  floor  cavity  but  in  a  so-called 
hot  cell.  A  hot  cell  is  a  laboratory  ca¬ 
binet  with  the  internal  dimensions  1.8  x 
1.8  x  1.6  m3,  i.e.  a  little  more  than 
5  m3. 

The  Co-60  source  is  fitted  in  the  center, 
of  this  cell.  The  cable  specimens  are 
placed  around  it  as  a  loop  with  defined 
diameter. 

By  lamps,  heat  radiators,  gamma-radia¬ 
tion  and  ventilation  the  test  object  is 
warmed  at  50°  C  +  5  K.  The  cabinet  has  an 
air  change  of<ul7min.  The  hot  cell  has 
wall  tubes  and  one  can  the  cables  measure 
during  the  irradiations.  Also  in  this  test 
procedure  1  m  cable  pieces  are  in  the  irra¬ 
diation  chamber  for  intermediate  testing 
without  any  change  in  the  other  cable 
arrangement. 

In  this  test  procedure  we  have  at  pre¬ 
sent  three  cable  types,  two  telecommuni¬ 
cation  cables  and  one  power  cable.  The 
telecommunication  cables  are  4  pair  0.8-Cu 
conductor  cables  with  9.5  and  1 1  mm  outer 
diameter.  The  power  cable  is  a  4  core 
1.5  mm^  Cu  cable  with  an  outer  diameter 
of  14  mm. 

The  tests  are  projected  for  two  years 
and  they  have  the  following  schedule: 


Dose  rate- 

Exposition  time 

Total  dose 

Gy/h 

krd/h 

a  tn  d 

kGy 

Mrd/h 

1 

</,  i 

7 

0.5 

1  +  2 

10 

1 

17.5 

1.7S 

10 

i 

t  +  2b 

50 

5 

i  +  1  +  21 

100 

10 

1  +  b  +  20 

150 

15 

2  +  3+13 

200 

20 

500 

bo 

20  h 

10 

1 

2  .5 

30 

3 

6 

100 

10 

21 

250 

25 

1  +  17 

500 

50 

2  +  23 

1000 

100 

U  +  5 

1500 

150 

5  +  17 

2000 

200 

Tab.  3  Program  for  cable  irradiation. 

Exposition  times  for  wanted  total 
doses  at  given  dose  rates 


Fig.  6  Front  view  of  hot  cells,  a  test 
procedure  for  irradiation  of 
cables  by  Co-60  sources 


2.3.  Tests  in  technical  facilities 


Often  investigations  of  cables  or 
cable  materials  are  to  carry  out  under 
special  conditions  for  which  laboratory 
procedures  are  not  sufficient. 

In  other  cases  results  from  the  labora¬ 
tory  must  be  compared  with  measures  of  the 
real  practice.  Such  comparisons  show 
whether  laboratory  test  procedures  are 
representative  of  service  conditions. 

For  this  it  is  necessary  for  the  cable 
maker  to  cooperate  with  atomic  energy 
research  facilities  or  nuclear  power 
plants.  For  a  cooperation  like  this  one 
example  may  be  given: 

It  is  well  known,  that  plastics  can 
change  their  properties  by  irradiation 
with  high  energy  radiation.  The  amount 
of  such  variations  is  not  only  given  by 
the  total  absorbed  dose,  but  also  by  the 
dose  rate  for  accumulation  of  the  total 
dose.  We  call  this  the  dose  rate  proble¬ 
matic. 

In  the  containment  of  a  nuclear  power 
plant  are  installed  many  cables  at  many 
places  and  at  nearly  each  of  them  there 
is  to  find  out  a  different  dose  rate.  To 
gain  an  opinion  on  the  realistic  irradiation 
stress  of  installations  in  the  cont'-rvment 
it  is  necessary  to  deal  with  dosimetri* 
tasks.  We  do  this  in  team-work  with  the 
power  plant  division  of  our  company. 

We  fixed  on  the  main  pipe  of  the 
coolant  loop  of  a  pressurized  water  re¬ 
actor  by  means  of  a  belt  cable  samples. 

To  install  this  test  we  used  the  regular 
service  period  when  the  reactor  was  turned 
off  during  the  test  run  of  the  plant.  Wr 
leaved  the  specimens  for  one  year  in  the 
working  plant  before  checking  them. 
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Fig.  7  Cable  samples  are  fastened  by 
a  belt  on  the  pipe  of  the  main 
coolant  loop  in  a  nuclear 
power  plant 


In  the  same  manner  it  is  possible  to 
do  with  dosimeter  to  measure  the  local 
dose  in  different  ways. 

These  are  tests  in  technical  facilities 
from  the  coolant  loop  to  the  fuel  decay 
storage  pond. 


3.  EXAMINATIONS 


3.1.  Measurements 

The  measurements  in  these  trials  meet 
just  the  same  properties  usually  used  in 
the  cable  industry.  Out  of  one  plate  are 
formed  eight  dumb-bells  and  measured  in  a 
machine  the  ultimate  elongation  and  the 
tensile  strength  at  break.  In  this  way 
material  brittleness  is  registered  care¬ 
fully.  We  use  also  plates  to  measure 
(but  not  so  often)  the  electric  values 
dielectric  number,  loss  factor  tan 
and  specific  resistance. 

In  the  cases  of  cable  tests  during  the 
irradiation,  by  open-circuit  short  circuit 
measurement  the  following  properties  are 
known : 

.  Mutual  capacitance 
.  dissipation  factor  tan  d 
.  ohmic  resistance 
.  inductance 

.  characteristic  impedance  and 

insulation  resistance. 


Also  with  cables  after  irradiation 
stress  the  variations  are  registered  of  me¬ 
chanical  characteristics  of  jackets  and 
insulations . 

In  comparative  experiments  of  several 
materials  with  initial  measurements,  some 
intermediate  test  series  and  final  values 
the  individual  checks  will  sum  up  quickly 
to  some  thousand. 


3.2.  Dose  rate  dependence 

Usually  we  take  the  ultimate  elonga¬ 
tion  as  the  critical  value  for  degrada¬ 
tion  of  irradiated  plastics.  In  the  range 
of  lower  dose  rates  takes  the  decrease  of 
the  ultimate  elongation  place  at  remark¬ 
able  lower  total  doses  than  in  case  of 
higher  dose  rates.  This  can  be  shown  with 
the  example  of  a  tested  XLPE. 


Fig.  8  Decrease  of  elongation  at  break 
in  dependence  on  different  dose 
rates  with  XLPE 


The  succession  of  materials  given  by 
the  amount  of  a  certain  effect  (e.g.  de¬ 
crease  of  the  elongation  to  bO  %)  is  not 
a  fixed  one.  There  are  materials,  which 
show  in  their  properties  a  considerable 
dose  rate  dependence  and  other  polymers 
with  a  less  one.  When  varying  the  dose 
rates  material  can  in  this  aspect  change 
their  succession  places.  That  means  a  good 
material  after  high  dose  rate  irradiation 
is  not  necessaryly  also  a  good  material 
after  a  low  dose  rate  irradiation.  It 
follows  consequently  by  these  investiga¬ 
tions  for  t..t  choice  of  materials  for  con¬ 
tainment  ~'ibles  not  to  neglect  the  in¬ 
fluence  r  the  relative  harmless  radiation 
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doses  of  a  reactor  working  under  normal 
conditions.  One  must  know  the  dose  rate 
influence  of  the  material  properties  for 
every  day  service  and  the  Loca-case. 


0  ’  1 U  j  y 


Fig.  9  Injurious  doses  for  elongation 
decrease  to  50  %  (abs.)  of  two 
cable  materials  in  dependence 
on  the  dose  rate.  (+  ETFE) 


3.3.  Acceleration  of  irradiation  tests 

Investigations  were  started  to  check 
the  possibility  for  acceleration  of  the 
irradiation  tests  with  XLPE-compounds 
and  SiR.  To  make  the  oxidative  attack 
more  intensiv  the  oxygen  partial  pressure 
was  elevated  (pure  oxygen)  as  well  as  the 
test  temperature  (70°  C).  Measured  were 
the  ultimate  elongation  and  the  tensile 
strength  at  break  of  the  samples  as  cha¬ 
racteristics  easy  determinable.  With 
XLPE  in  one  run  was  measured  also  the 
Young's  modulus  at  1?0°  C.  These  tests 
are  very  time  consuming  because  one  needs 
results  at  low  dose  rates  for  comparision 
but  accumulated  to  reasonable  doses.  Some 
insights  of  our  efforts  are  given  in  the 
following: 

.  It  is  not  allowed  to  shorten  the  ra¬ 
diation  exposition  time  by  increasing 
the  dose  rates  and  to  accumulate  high 
doses  in  short  time.  In  this  way  one 
will  reach  even  with  weak  materials 
good  measure  results  at  high  doses. 
Competent  in  the  material  influence 
is  not  only  the  absorbed  radiation 
dose  but  also  the  mutual  action  of 
irradiation  and  oxygen.  This  reaction 
needs  time  at  least  for  the  diffusion 
of  oxygen  into  the  plastic. 

The  ultimate  elongation  shows  in  these 
cases  a  more  significant  distinction 


than  the  tensile  strength  at  break. 

.  The  elevation  of  the  oxygen  partial 
pressure  from  air  to  pure  oxygen  is 
not  helpful. 

The  elevation  of  the  test  temperature 
to  70°  C  and  consequently  the  increase 
of  oxygen  diffusion  into  the  plastic 
gain  better  distinctions  of  the  test 
results . 


Fig.  10  Decrease  of  ultimate  elongations 
of  two  cross-linked  materials 
at  different  temperatures 
dependent  on  the  total  dose 


U.  CONCLUSION 

The  pap<-.-  reports  test  procedures  by 
which  in  the  cable  industry  material 
alterations  caused  by  high  energy  radi¬ 
ation  can  be  measured. 

The  test  equipments  differ  for  cable 
tests  respectively  plate  tests.  As  radi¬ 
ation  sources  work  a  v.d.Graaf  Generator 
and  Co-60  sources  of  diverse  shapes.  As 
major  characteristics  the  variations  of 
ultimate  elongation  and  tensile  strength 
at  break  of  the  materials  are  measured. 
Also  the  examinations  of  electric  trans¬ 
mission  datas  of  cables  are  possible 
during  the  irradiation. 

The  dose  rate  dependence  of  property 
variations  is  a  material  specific  one 
and  of  special  importance. 
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,  Abstract 

vy 

A  rapid  and  reproducible  method  to  measure  the  effective  carbon 
black  concentration  in  weatherablc  vinyl  compositions  has  been 
developed.  Instead  of  the  usual  difficult  preparation  and 
manipulation  of  a  thin  film  of  plastic,  the  compound  is  simply 
dissolved  in  tetrahydrofuran  before  making  the  traditional  light 
absorption  measurement.  The  black  particles  remain  in  suspension 
and  absorb  light  just  as  if  they  were  immobilized  in  a  polymer 
matrix  The  test  accurately  identifies  carbon  black  that  is  too  large 
a  particle  size,  poorly  dispersed,  too  low  a  concentration,  etc.,  all  of 
which  detract  from  the  UV  resistance  of  finished  product.  The  only 
compounds  that  are  incompatible  with  the  new  technique  are  those 
that  are  insoluble  or  those  that  contain  significant  amounts  of 
inorganic  materials  that  scatter  rather  than  absorb  light. 

Introduction 

1.  History 

A  significant  fraction  of  the  capital  investment  of  the 
telecommunications  industry  lies  in  aerial  wire  and  cable,  where 
individual  components  are  expected  to  provide  trouble-free, 
outdoor  service  for  several  decades.  Early  cable  designs  utilized 
lead  sheaths  or  rubber  jackets  to  protect  insulated  wires  from  the 
harmful  effects  of  sun,  wind  and  rain  but  these  materials  created 
expensive,  short-lived  and/or  weighty  constructions  that  would  be 
entirely  unsatisfactory  in  the  extensive  network  of  today.  The 
timely  developments  of  such  thermoplastics  as  polyethylene  (PE) 
and  plasticized  polyvinyl  chloride  (PVC)  in  the  late  1940’s  offered 
inexpensive,  durable  substitutes  for  metal  or  rubber  cable  jackets 
but  their  inherent  resistance  to  the  weather,  particularly  to  the 
higher  energy  portions  of  the  sun’s  spectrum,  was  extremely  poor. 
Were  it  not  for  the  relatively  small  amounts  of  finely  divided 
carbon  black  that  protect  these  vulnerable  materials  from  sunlight, 
we  might  be  using  prohibitively  expensive  cables  today.  Instead, 
virtually  all  of  the  modern  exposed  cable  plant  is  covered  with  black 
plastic  that  satisfies  the  design  lifetime  requirement  20-40  years 
outdoors.  Indeed,  a  black  polyethylene  sample  placed  in  a  Florida 
exposure  site  in  1941  and  retrieved  some  forty  years  later  is  still 
mechanically  viable  and  would  be  satisfactory  today  as  a  cable 
covering.' 

Carbon  black  attenuates  the  ultraviolet  portion  of  sunlight  by 
absorbing  the  energy  and  reemitting  it  at  longer  wavelengths.2 
Comprehensive  studies  throughout  the  1950’s  and  early  I960's 
showed  that  the  amount,  dispersion,  particle  size  and  type  of 
carbon  Mack  all  played  a  role  in  the  effectiveness  with  which  the 
pigment  protected  the  organic  matrix.  For  instance,  it  is  now 
established  that  about  2%  of  a  well  dispersed,  20  nm  particle  size 
channel  black  will  guarantee  immunity  of  polyethylene  jacketed 
cable  to  ultraviolet  light.3  With  the  many  sizes  and  varieties  of 
blacks  currently  available  and  the  difficulty  in  dispersing  these  small 


particles  into  polymers,  combined  with  the  fact  that  the  additive  is 
normally  incorporated  by  a  compounder  who  has  exclusive  control 
over  the  amount  introduced,  it  is  no  wonder  that  a  considerable 
effort  has  been  expended  over  the  years  in  devising  methods  to 
measure  the  quality  and  quantity  of  the  pigment  in  PE  and  PVC 
plastics. 

Two  techniques  to  measure  the  quality  of  black  compositions  were 
devised  in  the  middle  1950’s.  One  was  based  on  microscopic 
observation  of  a  thin  film  of  polymer  to  assess  the  homogeneity  of 
dispersion.4  This  method  was  essentially  qualitative  and  depended 
on  a  subjective  comparison  with  an  observational  standard  of  an 
acceptable  blend  of  carbon  black  in  the  base  polymer.  A  second 
method  relied  on  absorption  of  single,  wavelength  light,  again 
through  a  thin  film.5  This  measurement,  based  on  Beer’s  Law, 
provided  a  quantitative  evaluation  that  could  be  incorporated  into 
specifications  and  used  to  accept  or  reject  material.  The  light 
absorption  test  received  a  relatively  large  development  effort 
primarily  because  the  single  quantitative  determination  avoided 
individual  measurements  of  particle  size,  concentration,  type  and 
dispersion  of  carbon  black;  it  was  eventually  standardized  as  ASTM 
D3349  in  1974.6 

2.  The  Problem 

While  PVC  compositions  were  originally  used  indoors,  a  substantial 
amount  of  vinyl  jacketed  cable  is  now  used  outside,  including  drop 
wire,  urban  and  rural  wire,  and  some  coaxial  cables.  Like  PE,  the 
primary  protection  from  ultraviolet  light  for  both  resin  and 
plasticizer  relies  on  preferential  absorption  by  carbon  black.  The 
measurement  of  the  quality  of  this  screen  was  also  borrowed  from 
PE  experience,  namely,  light  attenuation  by  a  thin  film  of  black 
plastic.  From  the  very  beginning  it  became  obvious  that  there  were 
problems  with  the  test,  most  of  which  focused  on  the  poor 
reproducibility  of  results  from  laboratory  to  laboratory.  Some  of 
them  can  be  illustrated  along  with  a  brief  discussion  of  the 
procedure. 

Initial  sample  preparation  requires  a  very  thin,  compression  molded 
film  of  the  order  of  one-half  of  one-thousandth  of  an  inch  that 
must  be  absolutely  pinhole-free.  Usable  films  of  this  thickness 
demand  accurately  ground  steel  plates  and  excellent  operator  skill. 
The  film  is  lifted  off  the  plate  and  onto  small  hoop  which  supports 
it  inside  the  spectrophotometer.  The  transfer  is  difficult  because  of 
static  clinging  and  often  results  in  torn  or  unevenly  stretched  films. 
A  further  error  in  the  method  lies  in  different  numbers  being 
obtained  from  different  spectrophotometers.  Also,  too  thick  a  film 
requires  a  modification  in  the  procedure;  the  light  must  be  reduced 
in  the  reference  beam  in  order  to  give  a  readable  absorbance,  a 
change  which  always  compromises  sensitivity  and  accuracy.  Finally, 
the  film  thickness  must  be  accurately  measured  since  the 
absorbance  is  proportional  to  path  length,  but  only  an  indirect 
technique  based  on  the  weight  of  the  tiny  film  is  possible. 

3.  Suspension  Method 

PVC  is  readily  soluble  in  tetrahydrofuran  (THF),  as  are  most  of  the 
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organic  compounds  present  in  flexible  PVC  formulations.  The 
experiment  consists  of  simply  dissolving  a  small  PVC  sample  in 
THF.  diluting  to  a  known  volume  and  measuring  the  absorbance. 
Development  of  the  method  required  control  experiments  to 
determine  (1)  the  stability  of  the  various  solids  suspensions  over 
time,  (2)  the  accuracy  of  the  method  in  determining  unacceptable 
compounds  that  contain  poor  black  dispersions,  too  large  a  median 
particle  size  or  too  small  an  amount  of  the  pigment,  (3)  the 
reproducibility  of  the  method  from  experiment  to  experiment,  from 
instrument  to  instrument  and  from  laboratory  to  laboratory,  and 
(4)  the  ease  with  which  this  test  may  be  carried  out  relative  to  the 
present  film  method. 

Procedure 


for  24  hours  Then  remeasure  the  suspension  absorbance  and 
record  it  along  with  the  initial  absorbance.  If  the  delayed 
measurement  is  less  than  80%  of  the  initial  reading,  the  suspension 
method  should  not  be  used  and  the  ASTM  D3349  thin  film  method 
will  take  precedence. 

Results  and  Discussion 

l .  Theory 

The  well  known  relationship  defined  by  Bouguer.  Beer  and  Lambert 
showed  that  light  is  attenuated  exponentially  when  absorbed: 

Io 

(!)  A  =  In  y  =  «bc 


/ .  Apparatus 
A.  Spectrophotometer 

Any  instrument  that  is  sensitive  at  the  wavelength  of  measurement' 
and  meets  th^  requirements  of  ASTM  E60  is  sufficient 
B  Two  matched,  glass  cells  with  45x12.5x12.5  mm  outside 
dimensions  that  can  be  sealed  to  prevent  solvent  evaporation  are 
required.  The  cells  should  have  a  10.0  mm  path  length  and  must 
not  absorb  significantly  at  the  measurement  wavelength.^ 

C.  Magnetic  stirrer  and  Teflon  coated  stirring  bar 

D.  100  ml.  volumetric  flask  and  stopper 

E.  25  mL  graduate 

F.  Tetrahydrofuran  (THF).  analytical  reagent,  stabilized 
G  Analytical  balance,  capable  of  0.1  mg  accuracy. 

2.  Calibration 

A.  Stirring  bar  volume 

Fill  the  25  mL  graduate  about  10  mL  with  water  and  record  the 
volume  to  the  nearest  0.1  mL.  Slide  in  the  stirring  bar  and  read 
the  new  volume  to  0.1  mL.  The  difference  between  the  two 
readings  is  the  volume  of  the  stirring  bar. 

B.  Spectrophotometer 

Using  the  dark  current  adjustment  set  the  meter  to  0% 
transmittance.  Establish  100%  transmittance  by  adjusting  the  slit 
width  at  the  specified  wavelength  using  pure  THF  solvent  as  the 
reference. 


where  A  =  absorbance 

l„  =  incident  light  intensity 

I  =  light  transmitted  through  the  medium 

*  =  extinction  coefficient 

b  *  thickness  of  the  PVC  film,  mm 

c  =  concentration  of  absorbing  material,  wt.  % 

An  apparent  absorption  coefficient0  is  calculated  by  normalizing  the 
experimentally  observed  A  to  constant  film  thickness. 

(2)  (-;-)  In  (-7-)  =  «c 

0  l 

This  function  is  sufficient  to  categorize  an  unknown  sample  because 
the  amount  of  carbon  black  and  the  quality  of  its  dispersion  tend  to 
compensate  for  one  another.  For  example,  use  of  larger  panicle 
si/e  and/or  poorly  dispersed  additive  will  offer  sufficient  weathering 
protection  if  there  is  enough  of  it;  alternatively,  only  a  minimum 
amount  is  needed  if  a  fine  panicle  size  is  well  homogenized 
throughout  the  plastic.  The  above  measurement  will  characterize 
both  cases. 

The  PVC  solution  path  length  can  be  transformed  to  an  equivalent 
film  thickness  by  calculating  the  volume  fraction  of  the  solution 
that  is  PVC: 

(J)  b-;«y> 


J  Procedure  A 

Approximately  0.05  g  of  PVC  compound,  weighed  to  the  nearest 
0  1  mg.  is  added  to  the  volumetric  flask,  as  are  the  magnetic 
stirring  bar  and  about  50-75  mL  THF  The  flask  is  placed  on  the 
magnetic  stirrer  and  allowed  to  gently  stir  until  the  PVC  compound 
is  dissolved  (usually  15-20  minutes  arc  required).  After  assurance 
that  all  the  material  is  homogeneously  distributed  throughout  the 
liquid  (easily  checked  by  holding  the  flask  up  to  the  light  and 
looking  for  any  remaining  undissolved  material),  the  volume  is 
diluted  to  the  mark  with  THF.  stoppered  and  briefly  shaken  to  mix 
all  components.  The  solution/dispersion  is  decanted  into  one  of 
the  cells  and  its  percent  transmission  (relative  to  a  pure  THF 
solvent  reference)  at  the  specified  wavelength  is  recorded.  For 
maximum  accuracy  the  reading  should  be  made  within  10  minutes 
of  filling  the  cell. 

4  Procedure  B 

Follow  instructions  as  exactly  outlined  in  Procedure  A  Instead  of 
discarding  the  sample,  allow  the  sample  cell  to  remain  undisturbed 


where  '  =  solution  path  length,  mm 
w  =  weight  PVC  compound,  g 
a  =  density  PVC  compound,  g/ml. 

V  =  volume  PVC/THF  solution,  ml. 

Substituting  into  (2).  converting  l0  and  1  to  K)  and  T  (percent 
transmission),  respectively,  changing  to  base  i0  logarithms  and 
subtracting  the  volume  (V,)  of  the  stirring  bar  yields 


(4) 


Apparent  Absorption  Coefficient  = 


2.3p(  V-Vt>log(  100/T) 
w  1 


2.  Calibration 

The  suspension  method  was  compared  to  the  film  method  by 
measuring  apparent  absorbance  coefficients  of  0  to  4.0  phr  (parts 
per  hundred  of  resin),  in  0.5  phr  increments,  of  a  28  nm  particle 
size  furnace  black  mixed  into  the  PVC  formulation  described  in 
Table  1.  Figure  l  shows  that  both  methods  give  straight  line 
dependences  on  carbon  black  concentration,  the  identical  slopes 
indicating  that  each  phr  of  carbon  black  increases  the  apparent 
absorption  coefficient  by  a  little  over  100  The  curve  does  not  go 


0  l  riles*  otherwise  specified,  the  wavelength  will  be  nm 

b  Helm*  Senes  III.  Type  OS  Teflnn-stnppcred  glass  cells  haie  been  found  adequate 
and  are  available  from  most  laboratory  supply  houses 


The  Inm  'apparent  absorption  coefficient'  is  used  because  transmission  is  a 
function  of  hphl  stanerinp  as  well  as  Irue  absorption 
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through  zero  in  cither  case  because  suspended  inorganic  fillers  such 
as  antimony  oxide,  clay,  lead  stabilizers,  etc.,  scatter  light  slightly. 
Also,  the  parallel  lines  are  not  superimposed  on  one  another, 
apparently  because  there  is  a  greater  interaction  of  light  with 
reflective  filler  particles  in  the  lio*' id  suspension  than  in  the  solid 
polymer  film.  Highly  filled  materials  cause  significant  error  due  to 
this  phenomenon  and  therefore  are  not  compatible  with  the 
suspension  technique;  such  samples  are  easily  identified  by 
monitoring  the  stability  of  the  suspension. 

3.  Suspension  Stability 

An  important  characteristic  of  the  suspension  absorption  method  is 
that  it  requires  a  reasonably  stable  suspension  of  particles  in 
PVC/plasticizer/THF  solution.  Figure  2  shows  the  change  in 
apparent  absorbance  values  of  the  same  PVC  compound  with 
various  levels  of  carbon  black  added.  The  nonblack  sample  gave  an 
original  apparent  absorbance  of  88  but  dropped  to  90%  of  that 
number  within  15  minutes;  furthermore  it  was  halved  i.i  the  next 
3.5  hours.  The  2.5  phr  black  pigmented  formulation  gave  an  initial 
value  of  326  which  dropped  only  2%  after  the  first  hour. 

Since  inorganic  fillers  such  as  calcium  carbonate,  silica,  clay, 
antimony  oxide,  lead  stabilizers,  alumina  hydrate,  etc.  are  relatively 
large  (MO  pm  diameter)  and  heavy  (2.5-7  specific  gravity)  they 
tend  to  settle  fairly  rapidly.  Carbon  black,  on  the  other  hand,  is 
much  finer  in  size  (0.01-0.05  diameter)  and  somewhat  lighter 
(1.8  specific  gravity)  and  forms  reasonably  stable  suspensions. 
Consequently,  PVC  compounds  with  a  high  proportion  of  well 
dispersed  black  relative  to  filler  will  give  unchanging  numbers  by 
the  solution  method,  but  highly  filled  compounds  that  exhibit  high 
apparent  absorbance  coefficients  (due  to  scattering  rather  than 
absorption)  will  not  be  constant  with  time. 

Unsuccessful  attempts  were  made  to  separate  the  inorganic 
reflective  fillers  from  the  absorptive  blacks  by  filtration, 
centrifugation  and  sedimentation.  The  last  technique  appeared  to 
be  the  most  promising,  but  the  inorganic  particles  that  settled  out 
tended  to  also  transport  some  carbon  black  to  the  bottom  of  the 
cell.  As  a  result,  artificially  low  apparent  absorption  coefficients 
were  obtained.  The  sedimentation  process  is  valuable,  however,  in 
identifying  those  compounds  that  contain  excessive  amounts  of 
filler.  The  sample  is  left  in  the  spectrophotometer  cell  and 
remeasured  24  hours  later.  If  the  delayed  reading  is  less  than  80% 
of  the  original  result,  too  many  reflective  particles  are  present  for 
an  accurate  reading  and  the  alternate  ASTM  D3349  thin  film 
method  should  be  used. 

4.  Reproducibility 

Table  2  summarizes  an  experiment  that  uses  a  black  PVC 
formulation  with  weights  differing  by  almost  an  order  of  magnitude. 
The  percent  transmissions  ranged  from  9%  to  69%,  yet  the  apparent 
absorbances  were  all  within  one  percent  of  each  other.  This  result 
is  consistent  with  the  straight  line  dependence  shown  in  Figure  l 
and  affirms  the  accuracy  of  Beer's  Law  in  suspension 
measurements. 

Table  3  compares  the  results  of  the  suspension  method  on  three 
spectrophotomers,  a  single  beam  Bausch  and  Lomb  Spectronic  20,  a 
single  beam  Beckman  Model  B,  and  a  double  beam  Cary  219,  The 
numbers  are  all  within  5%  of  one  another,  an  excellent 
reproducibility  compared  to  reported  film  test  deviations  on  various 
instruments. 5 

5.  Round  Robin 

An  informal  round  robin  was  organized  to  better  ascertain  the 
accuracy  and  reproducibility  of  the  new  method.  The  nine 
laboratories  that  participated  used  a  variety  of  single  and  double 
beam  spectrophotometers,  including  the  Beckman  B.  Beckman  DB. 
Beckman  5280,  Beckman  DB-G.  B&L  Spectronic  20.  HP  8450A 


and  Cary  15.  Five  samples  were  submitted  for  testing  (labelled 
only  as  numbers  one  through  five),  each  consisting  only  of  a  slight 
variation  of  the  composition  detailed  in  Table  1. 

Sample  one,  the  control,  was  a  drop  wire  formulation  containing 
2.5  phr  (1.35%)  28  nm  furnace  black.  Sample  two  contained 
2.0  phr  (1.08%)  of  the  identical  black,  simulating  a  slightly  deficient 
pigment  loading.  Sample  three  had  an  identical  black  concentration 
as  the  control  but  was  purposely  made  with  a  poor  dispersion; 
instead  of  introducing  the  black  in  the  form  of  a  masterbatch  it  was 
simply  added  as  powder  to  the  base  formulation  on  a  two-roll  mill. 
Sample  four  represented  a  less  effective  carbon  black,  consisting  of 
a  larger  49-60  nm  particle  size  material  with  a  similar  concentration 
and  dispersion  as  the  control.  Sample  five  was  very  deficient  in 
black  pigment,  containing  only  1.0  phr  (0.54%)  28  nm  furnace 
black,  but  also  included  50  phr  (27%)  of  a  surface  treated,  1.0  (im 
calcium  carbonate  diluent. 

Table  4  summarizes  the  results  of  the  interlaboratory  study.  A1J 
numbers  reported  for  each  sample  were  obtained  in  duplicate;  the 
reproducibility  of  these  numbers  were  within  ±3.5%  except  for  the 
highly  filled  sample.  The  standard  deviations  of  the  averaged 
results  were  somewhat  higher,  falling  somewhere  between  5  and 
9%,  again  with  the  exception  of  the  highly  filled  sample.  Most 
important,  the  test  easily  identified  all  problems  that  were 
incorporated  into  the  samples,  and  so  appears  reasonably  accurate. 
For  example,  based  on  the  value  of  324  obtained  for  the  control, 
and  taking  into  account  that  about  90  of  this  number  is  due  to  light 
interaction  with  nonblack  portions  of  the  formulation  (as  shown  by 
the  0  phr  black  reading  in  Figure  1)  the  expected  absorption  of 
sample  two  would  be  (324-90)(2.0/2. 5) +90  =  267,  which  compares 
well  with  the  actual  278  result. 

Samples  one  and  five  were  also  measured  by  Procedure  B.  which 
requires  a  reading  24  hours  after  the  spectrophotometer  cell  was 
filled.  The  control  formulation  value  was  reduced  to  86%  of  the 
original  apparent  absorption  coefficient,  while  that  of  filled  sample 
was  lowered  to  26%  of  its  initial  number.  Based  on  arguments 
presented  earlier  in  the  discussion,  sample  five  shows  too  high  an 
apparent  absorption  coefficient  (since  the  delayed  reading  is  less 
than  80%  of  the  original).  The  traditional  thin  film  method  is 
better  suited  to  this  sample  for  an  accurate  prediction  of  weathering 
performance. 

Conclusions 

A  method  has  been  devised  that  measures  the  light  absorption  of 
black  PVC  compounds  intended  to  stand  up  to  the  weather  as 
outdoor  cable  jackets.  It  is  applicable  to  all  PVC  materials  that  are 
soluble,  and  excludes  only  those  that  arc  crosslinked  or  are  highly 
extended  with  inorganic  fillers.  The  new  procedure  eliminates 
many  of  the  errors  that  are  inherent  to  the  ASTM  D3349  film 
method.  The  reproducibility  of  the  suspension  technique  is  better 
than  film  method  and  an  informal  round  robin  showed  it  to 
accurately  portray  the  effective  black  content  of  the  material 
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Reproducibility  of  Suspension  Absorption  Test 


Apparent 

Initial  Wt  Black 

Percent' 

Absorption 

PVC  Compound. b  g 

Transmission 

Coefficient 

0.0879 

9.0 

356 

0.0578 

20.5 

357 

0.0354 

37  5 

360 

0.0135 

69  1 

356 

Bausch  and  l.omb  Spectronic  20.  400  nm 


b2  >  phr  furnace  black  incorporated  into  the 
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Table  1 


Apparent  Absorption  Coefficient* 


Table  1 

Wavelength,  nm 

B&L  20 

Beckman  8 

Can'  2/v 

additive 

( 'once  rural  ion  i  phr  j 

375 

357 

376 

PVC  homopolymer 

100 

400 

340 

342 

357 

Diaikyl  phthalate  plasticizer 

62 

450 

308 

310 

301 

Tribasic  lead  sulfate  stabilizer 

5 

500 

281 

283 

297 

Inorganic  fillers 

13 

Carbon  black  pigment 

variable 

*0 .0624  g  PVC  Compound  (2.5  phr  furnace  black)  in  98  7  mL  THF 


348  International  Wire  &  Cable  Symposiur .  Proceedings  1982 


APPARENT  ABSORPTION  COEFFICIENT, 375  nm 


E 


10  15  20  25  50 

CARBON  BLACK  IN  PvC  JACKET  FORMULATION,  p hr 


2  5  phr  CARBON  BLACK 


I  0  phr  CARBON  BLACK 


I  Control  (  Table  I ) 


I C4  hr>  (  nntrnl  1  Table  I ) 


4vf  Pf\nilb>n  4bsttrptinn  Sul  /Vuuf 
i>l  Puplintit'"  (  of  Ifi* wii  >>t  Rt  'uit 


0  phr  CARBON  BLACK 


'  Poor  Black  Oispersion 

4  I  arge  Particle  Black 


I  2  3  30 

TIME,  HOURS 


M:4hn  (  jto,  tilled 
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Viscoelastic  Analysis  of  Shrinkback 


C.  R.  Taylor  H.  M.  Dillow  C.  J.  Aloisio 


Bell  Laboratories,  Norcross,  Georqia  30071 


At  processing  temperatures  most  poly¬ 
mers  exhibit  a  considerable  amount  of 
elastic  behavior  which  is  time  dependent. 
When  a  molten  polymer  is  deformed  into  a 
desired  shape  and  rapidly  cooled  during 
processing,  orientation  is  locked  into  the 
product.  The  amount  and  nature  of  the 
orientation  will  depend  on  processing 
conditions.  For  instance  the  primary 
orientation  in  drawn  fiber  and  wire  insu¬ 
lation  is  longitudinal.  There  is  then  the 
possibility  of  this  orientation  beinq 
recovered  during  the  lifetime  of  the  pro¬ 
duct  with  an  ensuing  change  in  physical 
dimensions.  For  instance,  a  fiber  may 
become  shorter,  exposing  copper  conductor 
at  the  end  of  the  wire.  It  is  necessary 
to  characterize  a  polymer  product  for 
shrinkback  performance  over  its  lifetime 
of  use.  The  basic  physical  principles  of 
shrinkback  will  be  presented  along  with 
the  application  of  the  principles  to  quan¬ 
titatively  characterize  shrinkback  in  a 
wire  insulation  product. 


j  Introduction 

The  occurrence  of  dimensional  changes 
in  plastic  parts  fabricated  by  various 
means  are  a  function  of  both  time  and 
temperature.  The  class  of  dimensional 
variations  for  which  the  terminology 
shrinkback  is  applied  are  stronqly  time 
dependent  and  often  in  a  direction  opposite 
from  that  expected  from  thermal  expansion. 
The  thermal  expansion  effects,  analogous  to 
those  that  one  observes  in  non-polymer ic 
materials,  may  be  considered  essentially 
indepe  dent  of  time  in  situations  charac¬ 
terize..  as  unconstrained.*  In  plastics 
applications,  the  phenomenon  of  shrinkback 
is  also  referred  to  as  internal  stresses, 
orientation,  and  residual  stresses/strains. 
The  number  of  different  terms  used  to  de¬ 
scribe  this  phenomenon  is  probably  an  indi¬ 
cation  of  the  degree  of  confusion  that 
exists  in  attempts  to  characterize  this 
behavior . 


The  importance  of  shrinkback  may  be 
seen  by  the  variety  of  applications  in 
which  it  has  an  impact  on  performance.  In 
lightguide  applications,  levels  of  shrink¬ 
back  in  the  order  of  one  percent  can  ad¬ 
versely  affect  the  environmental  perfor¬ 
mance  of  cables1  and  splices. 1  Common 
blow-molded  products,  such  as  bottles, 
exhibit  shrinkback  due  to  orientation  lock¬ 
ed  in  during  processing3  that  reflects  on 
the  dimensional  stability  of  the  part.  The 
shrinkback  in  polyester  magnetic  tapes 
limits  the  track  densities.4  Approaches  to 
improve  the  performance  of  such  tapes  have 
involved  annealing4  and  lamination.6  Even 
paper  used  in  copiers  exhibits  shrinkback 
that  can  adversely  affect  performance.6'7 
In  the  conventional  cable  business  shrink¬ 
back  has  been  a  cause  for  concern  both  in 
jacketing15'16  and  insulation. 

Interest  in  shrinkback  as  a  means  of 
measuring  the  degree  of  orientation  of 
polymer  films  and  fibers  has  been  high  for 
many  years.8-14  With  few  exceptions,13 
there  has  not  appeared  to  have  been  a 
recognition  that  shrinkback  or  viscoelastic 
recovery  can  be  treated  analytically  and 
experimentally  as  well-known  viscoelastic 
effects . 

In  this  paper  the  general  principles 
for  the  quantitative  character i za t ion  of 
shrinkback  are  presented.  Then  the  ap¬ 
proach  is  applied  to  shrinkback  in  tape. 
Finally,  a  composite  insulation  is  examined 
within  the  framework  of  the  proposed  visco¬ 
elastic  analysis. 

Shrinkback  Model 
A.  Viscoelastic  Effects 

When  a  polymer  melt  is  deformed  the 
long  chain  molecules  of  which  it  consists 
are  oriented  due  to  their  inability  to 
instantaneously  rearrange  their  configura¬ 
tions  to  conform  to  the  new  shape.  This 
results  in  a  time  dependent  stress  in  the 
material  which  decays  as  a  function  of 
time,  i.e.,  the  orientation  decays  as  a 
function  of  time  due  to  molecular  motion. 
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B .  Thermal  Effects 


The  time  dependent  stress,  o,  can  in  gener¬ 
al  be  described  by  a  set  of  entropic  modu¬ 
li,  E^,  and  associated  time  constants, 
i j,  for  decay  by  molecular  motion.  The 
stress  is  given  by 

o(t)  =  T  ( t )  £  =  (2ZEie't/ti)t  (1> 


It  is  found  for  many  different  poly¬ 
mers  that  the  main  effect  of  changing  tern 
perature  on  equation  M)  is  to  change  all 
the  relaxation  times,  ip  by  the  same 
f actor ,  i . e . , 


where  Eft)  is  the  time  dependent  Younq 1 s 
relaxation  modulus  and  e  is  the  strain  in 
extension  on  a  length  of  material.  If 
stress  relaxation  is  allowed  to  occur  at  a 
given  temperature  under  a  constant  strain 
for  a  length  of  time  and  the  stress  is 
subsequently  released  the  polymer  does  not 
return  immediately  to  its  original  length, 
but  undergoes  prolonged  recovery  which  is 
essentially  described  by  equation  (1).  The 
relaxation-recovery  process  is  shown  dia- 
gramatically  in  Figure  1  and  represents  the 
essence  of  the  shrinkback  phenomenon.  In 
general  the  manufacturing  conditions  will 
involve  a  complicated  temperature  and 
stress-strain  history  followed  by  rapid 
cooling  to  ambient  temperature.  Shrinkback 
or  recovery  then  occurs  over  a  period  of 
time  at  the  environmental  temperatures  en¬ 
countered  in  the  application.  As  will  be 
seen  below  there  is  an  equivalence  between 
time  and  temperature  for  polymers  that  will 
allow  long  range  shrinkback  predictions  to 
be  made . 


aT  (T) 


VT) 

^7^ 


for  any 


(2) 


where  the  temperature  is  changed  from  a 
reference  temperature,  T0,  to  temperature 
T.  This  effect  is  known  as  t ime- tempera¬ 
ture  superposition17  since  the  result  in 
equation  (1)  is  to  effectively  change  the 
time  scale  by  the  factors  1/aT,  i.e., 


o(t,T)  =  o(t/aT,  T0) .  (3) 

The  shift  factor  aT(T)  will  apply  to  the 
change  in  time  scale  with  temperature  for 
any  viscoelastic  process.  The  temperature 
dependence  of  a^  can  therefore  be  deter¬ 
mined  from  readily  performed  oscillatory 
mechanical  experiments  and  used  in  more 
complicated  experiments  such  as 
shrinkback . 


RELAXATION  RETRACTION 


fim# 


FIGURE  1.  TIME  PROFILE  OF  A  STRESS  RELAXATION  EXPERIMENT 
IN  SIMPLE  EXTENSION  FOLLOWED  8Y  RECOVERY. 


FIGURE  2.  ORIGIN  OF  SHRINKBACK. 
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As  mentioned  above  shrinkback  occurs 
because  of  orientation  of  the  long  polymer 
molecules  introduced  during  manufacturing. 
This  process  is  described  diagramatically 
in  Figure  2  for  a  general  polymer  under¬ 
going  extrusion  or  fiber  drawing.  The 
orientation  occurs  as  a  result  of  axial 
stresses  applied  during  fabrication  at  a 
high  temperature  where  the  material  is 
rubbery  followed  by  a  rapid  cooling  which 
"locks  in"  the  orientation  by  dramatically 
slowing  the  recovery  (as  will  be  seen  by 
the  temperature  dependence  of  aT) . 

C .  Shrinkback  Experiment 

In  order  to  exper imental ly  probe 
shrinkback  a  test  is  performed  as  dia¬ 
grammed  in  Figure  3.  It  is  assumed  that  up 
to  time  zero  all  the  material  has  been 
subjected  to  the  same  temperature  and 
stress-strain  conditions.  Shrinkback  can 
be  measured  quantitatively  as  the  percent 
recovery  of  the  insulation  in  terms  of  the 
initial  length  L0,  at  t=0  and  length  at 
time  t,  L  ( t ) ,  i.e., 

Ln-L(t) 

%  Recovery  =  %  Shrinkback  =  -  x  100 

(4) 


FIGURE  3  SHRINKBACK  EXPERIMENT 


Equation  (4)  can  be  written  in  terms  of 
strain  as, 

%  Recovery  =  [e(0,T)~e(t,T)l  x 


x  1 00/ ( e ( 0 , T )  +  1]  (5) 

where  e(0,T)  is  the  strain  on  the  insula¬ 
tion  at  t=0  (the  beginning  of  the  shrink¬ 
back  experiment),  and  e(t,T)  is  the  strain 
at  time  t.  The  strains  are  defined  rela¬ 
tive  to  some  unstrained  initial  length. 

The  %  shrinkback  will  therefore  shift  with 
temperature  in  the  same  manner  as  e(t,T). 
In  order  for  the  shrinkback  experiments 
depicted  in  Figure  3  to  shift  with  tempera 
ture  according  to  the  a^  factors  from 
viscoelastic  measurements,  the  following 
relation  must  hold. 

e(t,T)  =  e(t/aT,  T o )  (6) 

where  TQ  is  an  arbitrary  reference  tempera 
ture.  This  is  shown  to  be  true  below. 

In  order  to  facilitate  the  analysis 
the  time  scale  of  Figure  3  is  redesignated 
as  shown  in  Figure  4.  The  strain  e(t,T) 
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FIGURE  4  SHRINKBACK  EXPERIMENT  WITH  TIME  SCALE  REDEFINED 
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can  be  given  in  terms  of  the  creep  func¬ 
tion,  D(T„,t),  by 


t 

e<t,T)  =  /!„  D^T0'  Mt)-C(t')]  ffr  df 

(7) 

where  o  is  the  stress  and 

C(t)  =  f0  aT  T^rTT 

t ' 

Utl>  =  /•  ■®T_^rTT  '  <8) 

As  can  be  seen  from  the  stress  history  of 
Figure  4,  the  integral  of  (7)  becomes. 


e(t,T)  = 


and  since  t'  <  tp  in  this  integral 


UU-Uf) 


/ 


t 


s 


t 


P 


t  ’ 

aTl4h))'  +  5^1%  ‘  / o  at(TftTT  (10) 


This  calculation  gives  c(t,T)  with  S(t)- 
£(t')  given  by  equation  (10).  The  same 
calculation  may  be  made  for  e(t,T„)  in 
which  case 


Slt)-C(t')  = 


a^rffm  +  t_ts  ‘ 


dt 

at(rrtTT 


( 11 ) 


since  aT(To>  =1.  In  changing  the 
shrinkback  experimental  temperature  from  T 
to  T„  the  only  term  that  changes  is  that 
involing  t-t?.  This  time  variable,  t- 
ts»  is  the  time  measured  during  shrink¬ 
back  as  given  in  Figure  3  and  equation  (6). 
It  is  seen  from  equations  (10)  and  (11) 
that 

e(t-ts  ,  T)  =  t [ ( t-ts )/aT,  T o 1  (12) 

which  proves  that  equation  (6)  is  true. 


If  viscoelastic  data  is  available  in 
the  form  of  master  curves  at  a  reference 
temperature,  T0 ,  and  accompanying  log  aT 
and  log  V>j>  information  the  following 
equations  may  be  used  to  calculate  the 
various  viscoelastic  properties  as  a  func¬ 
tion  of  time  and  temperature: 

°(t,T)  =  o(t/aT,  Tq] 


E(t,T)  =  V  E  ( 
VT 

t/ 3ipf 

To) 

E*(w,T)  =  ^  E' 

[  iva  t  ,  Tq 

E"(w,T)  =  X-  E" 
VT 

(uat‘ 

'  To 

Applications 

A.  Polyethylene  Terephthalate  (PET) 

Commercial  PET,  typical  of  that  found 
in  adhesive  tape  and  yarns,  was  measured  i 
an  oscillatory  tension  mode  using  the  Rheo 
vibron  instrument.  The  data  were  reduced 
to  a  master  curve  using  previously  de¬ 
scribed  techniques  of  time-temperature 
superposition.  The  results  are  given  in 
Figure  5  as  master  curves  of  the  storage 
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modulus  E'(<u)  and  loss  modulus  E''(u>)  ver¬ 
sus  reduced  frequency  at  a  reference  tem¬ 
perature  of  116°C.  The  master  curves  give 
the  mechanical  behavior  of  the  PET  over  the 
frequency  range  shown  at  116°C  and  the 
curves  can  be  transformed  by  horizontal 
shifts  along  the  log  frequency  axis  {and 
small  vertical  shifts,  log  V-j.)  to  provide 
the  mechanical  behavior  at  other  tempera¬ 
tures  as  shown  in  Equation  13.  It  is  im¬ 
portant  to  realize  that  the  shifting  of  the 
time  scale  with  temperature  in  Figure  5c 
will  be  the  same  for  any  viscoelastic  pro¬ 
cess  whether  it  be  adhesion,  friction  or 
shrinkback. 

Shrinkback  experiments  of  the  type  de¬ 
scribed  by  Figure  3  were  made  on  a  PET 
tape.  The  shrinkback  results  at  different 
temperatures  were  superposed  to  form  a 
master  curve  with  the  log  a-p  horizontal 
shifts  obtained  from  the  mechanical  results 
of  Figure  5.  The  master  curve  for  the  tape 
is  shown  in  Figure  6. 


Semirigid  Polyvinyl  Chloride  (PVC) 


An  insulation  grade  PVC  was  measured 
in  an  oscillatory  shear  mode  using  the 
Rheometrics  Thermal  Mechanical  Spectro¬ 
meter.  Using  the  same  data  synthesis  tech¬ 
niques  as  applied  to  the  PET,  the  master 
curves  of  storage  modulus  G'(ui)  and  loss 
modulus  G"(w)  shown  in  Figure  7  were  ob¬ 


tained.  The  data  reduction  required  only 
the  horizontal  shift  (log  a^)  included  in 
Figure  7. 

C .  PET  Yarn  Reinforced  PVC  Insulation 

A  PVC  insulation  with  PET  yarn  rein¬ 
forcement  has  been  under  study  as  a  possi¬ 
ble  replacement  for  a  PVC-textile  insulated 
wire.  The  wire  is  commonly  used  in  central 
offices  to  make  conections  between  equip¬ 
ment  bays.  Manufacturing  inefficiency  has 
been  the  main  driving  force  to  replace  the 
PVC-textile  insulation.  The  composite 
PVC/PET  insulation  exhibited  tensile 
strength,  heat  resistance,  abrasion  resis¬ 
tance  and  cut  through  strength  comparable 
to  the  PVC-textile  insulation  but  was  more 
efficient  to  manufacture.  The  one  property 
in  which  the  replacement  failed  was 
shrinkback . 

The  standard  shrinkback  quality  con¬ 
trol  test  for  this  central  office  wire  is 
performed  on  six  inch  lengths  of  wire.  The 
insulated  wires  are  placed  in  an  oven  at 
250°F  (  1 2 1 0 C )  for  one  hour.  If  the  amount 
of  conductor  exposed  at  both  ends  is  less 
than  12/64  ths  of  an  inch  the  samples  pass. 
Exposure  lengths  of  24/64  ths  of  an  inch 
were  observed  for  the  PVC/PET  insulation. 

In  order  to  assess  the  significance  of 
the  quality  control  results  on  long  time 


log  t/oj|in  hri) 


FIGURE  6  MASTER  CURVE  OF  SHRINKBACK  VERSUS  REDUCED  TIME  FOR  TAPE  AT  60“C 
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FIGURE  1  COMPOSITE  MASTER  CURVES  OF  G'  AND  G" 
VERSUS  FREQUENCY  AT  2S“C 


performance  the  shrinkback  test  was  per¬ 
formed  at  four  different  temperatures  and 
the  conductor  exposure  m  sured  as  a  func¬ 
tion  of  time.  The  results  for  60*0,  80°C, 
100*0  and  121*0  are  presented  in  Figure  8. 
If  the  shrinkback  is  dominated  by  the  PET 
yarn  the  curves  of  Figure  8  should  form  a 
master  curve  using  the  log  aT  values  from 
Figure  50.  This  is  the  case  as  shown  in 
Figure  9  for  a  reference  temperature  of 
60°C.  Entering  the  log  %  shrinkback  scale 
at  0.5  (the  value  corresponding  to  12/64 
ths  of  an  inch)  one  finds  that  it  would 
take  in  excess  of  20  years  to  observe  such 
a  level  of  shrinkback  in  a  six  inch  length 
of  conductor. 


The  dominance  of  the  PET  yarn  in  the 
shrinkback  of  the  composite  insulation  was 
supported  by  the  results  of  two  additional 
tests.  In  one,  a  conductor  with  PVC  alone 
indicated  no  shrinkback  in  the  standard 
quality  control  test.  In  the  second,  PET 
yarn  exposed  to  121  ”C  yielded  a  shrinkback 
value  about  the  same  as  for  the  composite 
insulat  ion . 

While  the  shrinkback  master  curve  of 
Figure  9  indicates  acceptable  long  time 
performance  with  respect  to  the  quality 
control  test  samples,  longer  length  samples 
exhibit  increasing  percent  shrinkback  as 
shown  in  Figure  10.  Therefore  reduction  in 
the  inherent  shrinkback  of  the  PET  yarn 
prior  to  incorporation  into  the  composite 
insulation  would  be  required  to  further 
insure  satisfactory  performance  in  the 
field. 


Summary 

Shrinkback  problems  involving  any 
combination  of  plastics,  type  part  geometry 


and  manufacturing  process  may  be  analyzed 
using  the  techniques  presented  here.  This 
viscoelastic  analysis  permits  quantifica¬ 
tion  of  the  acceleration  factors  (log  a-p) 
produced  by  various  thermal  exposure. 
Application  to  the  shrinkback  of  a  PVC/PET 
composite  insulation  revealed  the  impor¬ 
tance  of  the  inherent  shrinkback  of  the  PET 
yarn . 
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CHARACTERIZATION  OF  RUGGEDIZED  FIBER  OPTIC  DUAL  WAVELENGTH  CABLES 


P.S.  Venkatesan  and  K.  Korbelak 


ABSTRACT 


General  Cable  Co.,  Edison,  N.J. 

2.  No  electrical  ground  loop  and  short  circuit 
problems. 


This  paper  summarizes  the  design,  manufacture  and 
evaluation,  including  cable  installation,  of  dual 
window  (850  nm  and  1300  nm)  optical  fiber  cables 
utilized  in  the  MX  missile  command  control  and 
coirmunication  test  instrumentation  system  at 
Vandenberg  Air  Force  Base.  Qualification  tests 
on  the  finished  cables  were  performed  on  test 
equipment  especially  designed  to  meet  Military 
Standards  DOD  16Z8.  The  cables  were  subjected 
to  impact,  tension,  compression  and  low  tempera¬ 
ture  flexibility,  while  concurrently  monitoring 
optical  fiber  power  levels  at  850  and  1300  nm. 
Temperature  cycling,  water  penetration,  water 
tightness,  shock  and  vibration  characteristics 
of  the  cables  were  also  obtained.  The  t.pst 
equipment  employed  and  the  results  obtained  are 
discussed  herein. 


INTRODUCTION 

In  the  earlv  part  of  1981,  GTE  Sylvania  Systems 
Division,as  a  prime  contractor  of  MX  Missile  Command, 
placed  an  order  with  General  Cable  Company  to  de¬ 
sign  and  manufacture  ruggedized,  gopher  resistant, 
six  fiber  dual  wavelength  optical  cables  ii  two 
kilometers  (6560  feet)  lengths.  The  cables  were 
to  meet  specific  optical  and  mechanical  specifi¬ 
cations.  The  optical  parameters;  attenuation, 
bandwidth  and  numerical  aperture,  were  to  be  mea¬ 
sured  in  accordance  with  Electronic  Industry 
Association's  standard  procedure.  The  mechanical 
tests;  tensile  strength,  impact,  compression  and 
low  temperature  flexibility,  performed  on  special¬ 
ly  designed  equipment  built  to  meet  DOD  1678,  were 
conducted  while  monitoring  the  fiber  power  levels 
at  85U  nm  and  1300  nm  wavelengths.  Environ¬ 
mental  tests  designed  to  characterize  the  cable 
for  its  temperature  cycling,  water  penetration, 
water  tightness,  vibration  and  shock  were  also 
performed. 

The  reasons  for  the  selection  of  fiber  optic  cable 
by  the  MX  Missile  Command  in  lieu  of  conventional 
metallic  cables  are  typically  because  of  its 
following  positive  attributes. 

1.  Immunity  from  electromagnetic  anu  crosstalk 
interference. 


3.  Smaller  size  and  less  weight. 

4.  High  strength  and  greater  flexibility. 

5.  Safe  for  use  in  combustible  areas  because  of 
no  electrical  arcing  and  no  electrical  hazard 
when  cut  or  damaged. 

6.  Secure  against  signal  leakage  and  tapping. 

7.  Low  attenuation  and  large  bandwidth  which 
results  in  long  repeater  spacing. 

CABLE  DESIGN 

To  meet  the  stringent  environmental  and  mechanical 
loading  requirements  and  to  provide  reliable  long 
term  stability,  the  cable  design  selected  employed 
tight  buffered  fibers  in  silicone  gel  filled  loose 
tubes.  The  tubes  were  stranded  around  an  epoxy 
glass  central  member  with  filling  compound  in  the 
interstices  of  the  core  in  order  to  prevent  water 
entry  and  flowi,*The  inner  jacket  was  reinforced 
with  Kevlar  1  1  which  is  the  cable's  strength 
member.  A  longituainally  folded  corrugated  steel 
tape  (coated  on  both  sides  for  corrosion  protection) 
and  an  outer  polyethylene  jacket  overall  provided 
gopher  protection. 

The  optical,  mechanical  and  environmental  require¬ 
ments  which  the  cable  design  had  to  meet  are  given 
in  Table  I.  Figure  1  shows  a  schematic  of  the  de¬ 
sign  of  the  six  fiber  steel  tape  armored  cable. 

The  customer's  specification  required  two  dummy 
filler  tubes  to  maintain  the  core  geometry  of  an 
eight  fiber  cable  fabricated  by  another  subcon¬ 
tractor. 

Loose  Tube  Fiber  Fabrication: 

The  optical  fibers  used  in  the  fabrication  of  these 
cables  had  a  core  diameter  of  50  urn  (.002  inches), 
a  cladding  diameter  of  125  urn  (.005  inches),  and  an 
overall  buffer  coated  u;ameter  of  500  urn  (.020 
inches).  The  coating  wa:  comprised  of  a  dual  inner 
soft  and  outer  hard  UV  cured  urethane  acrylate. 

This  dual  tight  buffer  coating  over  the  bare  glass 
fiber,  (1)  preserved  the  intrinsic  high  tensile 
strength  of  glass,  (2)avoided  strength  degradation 
during  subsequent  cable  operation,  storage  and 

*  Registered  trademark  of  E.I.  DuPont  Company. 
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installation  and  (3) reduced  microbendin^  losses 
during  cabling.  These  tight  buffer  coated  fibers 
were  placed  in  loose  buffered  tubes.  The  loose 
buffering  material  selected  was  a  hard,  smooth  and 
flexible  plastic.  The  oversize  cavity  of  the  plas¬ 
tic  tube  was  filled  with  a  moisture  resistant 
thickstropic  silicone  gel  material.  Excess  fiber 
length  inside  the  loose  tube  is  controlled  to  an 
opcimum  value. 


at  the  output  of  the  short  length,  lhe  attenuation 
was  determined  by: 

PQ 

Attenuation  (dB/km  )  *  1?— L°3 - 

L  P. 


where  L  =  length  of  test  fiber  in  kms. 


Stranding: 

Six  loose  tube  buffered  fibers,  along  with  two  dummy 
filler  tubes  were  stranded  around  an  epoxy  fiber 
glass  central  member.  During  stranding  a  water¬ 
proof  petroleum  jelly  was  applied  to  the  core.  A 
polypropylene  ribbon  binder  and  pollster  tape  were 
wrapped  over  the  loose  tube  core  for  containment. 

The  selection  of  an  epoxy  glass  fiber  composite  rod 
as  the  central  member  provided  three  major  advanta¬ 
ges;  (1)  dual  sharing  of  tensile  loads  between  the 
center  and  perimeter  strength  members,  (2)  enhanc¬ 
ed  antibuckling  properties  to  reduce  kinking  induc¬ 
ed  fiber  damage  and  ( 3 ) a  compatible  temperature 
expansion/contraction  coefficient  ofthe  center  rod 
and  fibers. 


Bandwidth: 

Fiber  bandwidth  was  measured  using  the  frequency 
domain  technique.  A  schematic  of  the  measurement 
set-up  is  shown  in  Figure  3.  A  sweep  frequency 
generator  was  used  to  modulate  CW  laser  diodes  with 
emission  wavelengths  of  850  nm  and  1300  nm.  The 
output  of  the  laser  diode  was  coupled  to  the  fiber 
under  test.  The  far-end  fiber  output  was  fed  to  a 
photodiode  detector  and  to  the  spectrum  analyzer 
for  screen  display.  A  silicon  avalanche  photo¬ 
diode  detector  was  used  for  850  nm  and  a  "armanium 
avalanche  photodiode  detector  for  1300  nm  wave¬ 
lengths.  The  bandwidth  of  the  fiber  is  the  fre¬ 
quency  at  which  the  electrical  power  level  has 
decreased  by  6  dE  from  the  power  level  at  "zero" 
frequency. 


Jackets: 

A  Kevlar  reinforced  inner  polyethylene  jacket  was 
used  to  provide  the  needed  cable  strength  to  with¬ 
stand  the  tensions  of  installation.  A  corrugated 
steel  tape  was  applied  longitudinally  over  the 
jacketed  cable.  A  thermoplastic  flooding  compound 
was  applied  to  both  sides  of  the  steel  tape  for 
corrosion  protection.  A  final  jacket  of  black  poly¬ 
ethylene  was  extruded  over  the  steel  tape.  The 
corrugated  steel  tape  design  provided  cable  flexi¬ 
bility  in  addition  to  resistance  against  gopher 
attack. 

OPTICAL  CHARACTERIZATION  OF  CABLED  FIBERS 
Attenuation: 

Fiber  attenuation  at  850  and  1300  nm  was  measured 
using  the  cut-back  method.  A  block  diagram  of  the 
set-up  is  shown  in  Figure  2.  All  optical  com¬ 
ponents  were  mounted  on  a  common  optical  bench. 

The  output  of  the  tungsten  light  source  passed 
through  a  mechanical  chopper  providing  a  frequency 
which  eliminated  ambient  light  interference,  through 
the  adjustable  numerical  aperture  compound  lens 
system  and  the  appropriate  filter.  The  beam  of 
light  was  launched  into  a  reference  fiber  at  0.1 
numerical  aperture.  The  reference  fiber  provided 
steady  state  power  distribution  (equilibrium) 
conditions  at  its  output.  The  output  was  coupled 
to  the  fiber  under  test  for  maximum  input.  The 
power  output  (P  )  at  the  end  of  the  test  fiber 
received  from  the  photodiode  detector  was  read  at 
the  power  meter.  The  detection  technique  used  the 
principle  of  phase  lock  single  beam  approach  using 
a  lock-in  amplifier.  Without  disturbing  the  coupl¬ 
ing,  the  fiber  under  test  was  cut  approximately  2 
meters  (6.56  feet)  from  the  coulpling,  (see 
Figure  2,  Point  A)  and  the  input  power  was  read 


Numerical  Aperture: 

The  numerical  aoerture  was  determined  from  the 
measurement  of  the  radiation  angle.  The  radiation 
angle  of  the  fiber  was  measured  using  the  output  of 
the  far  field  intensity  pattern  at  5  percent 
intensity,  (see  Figure  4).  A  two  meter  length 
of  fiber  was  used  for  this  measurement.  A 
tungsten  light  source  with  optical  focusing  lens 
and  filters  were  used  to  create  a  monochromatic 
constant  radiance  spot  larger  than  the  fiber  core 
diameter.  The  spot  was  focused  on  the  cleaved  end 
face  of  the  fiber  under  test.  A  cladding  mode 
stripper  was  used  at  both  ends  of  the  fiber.  The 
output  end  of  the  fiber  was  mounted  for  proper 
alignment  of  the  end  face  normal  to  and  coincident 
with  the  axis  of  rotation  of  the  detector.  The 
detector,  by  means  of  a  motor,  was  rotated  through 
an  arc  sufficient  to  detect  the  output  radiation 
pattern.  A  pen  recorder  was  used  to  record  the 
angular  position  of  the  detector  and  the  detected 
power  output  with  respect  to  the  specimen  axis. 

From  this  output  trace,  the  angle  at  which  the 
detector  output  drops  to  5\  of  its  maximum  power 
was  noted  and  sine  of  this  angle  gave  the  numerical 
aperture.  Typical  optical  data  are  given  in 
Table  1 1 . 

MECHANICAL  CHARACTERIZATION 

Impact: 

The  purpose  of  this  test  was  to  determine  the 
ability  of  the  cable  to  withstand  impact  loads. 

An  apparatus  shown  in  Figures  5  and  6  was  built 
to  D0D- 1678  specifications.  Basically  this  appa¬ 
ratus  permitted  150mm(6  inches)  free  fall  of  a 
specified  hammer  mass  with  a  cylindrical  shaped 
striking  surface  12.5  mm  (0.5  inches)  radius  x 
50  mm  (2  inches)  long  onto  the  clamped  fiber 
optic  cable  sample.  The  hardness  of  the  strikinq 
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haniner  was  RnlOO.  Impacting  was  affected  at  30 
cycles  per  minute  by  means  of  a  cyclic  arm  and  an 
electric  motor. 

Prior  to  mechanical  testing,  the  cable  specimen, 
approximately  7  meters  (23  feet)  long  was  precon¬ 
ditioned  for  48  hours  at  50  +  5  .  relative  humidity 
and  23  +  2°C,  then  removed  and  clamped  in  the  test 
apparatus.  A  7  meter  (23  feet)  length  of  cable  was 
needed  to  allow  for  power  monitoring.  Three  of  the 
six  fibers  in  the  cable  were  each  connected  to 
850  nm  transmitters  and  receivers  and  the  re¬ 
maining  three  to  1300  nm  transmitters  and  receivers. 
Initial  power  level  outputs  were  noted.  The  cable 
lengths  were  then  impacted  by  a  9  kg  (19.8  lbs.) 
hammer  at  30  cycles  a  minute  and  the  power  level 
outputs  at  850  and  1300  nm  monitored.  The  change 
in  attenuation  of  the  cable  was  determined  from 
measured  change  in  power  output  at  the  end  of  the 
test.  The  power  level  as  a  function  of  the  number 
of  impacts  were  recorded.  Typical  graph  of  power 
change  versus  number  of  impacts  are  given  in  Figure 
7.  The  cable  easily  met  the  specific  requirement 
of  a  maximum  0.5  dB  change  after  ten  impacts. 

As  the  number  of  impacts  increased,  the  cable  jacket 
indented  and  this  indentation  transferred  to  the 
fiber  causing  microbending  which  resulted  in  in¬ 
creased  attenuation.  The  increase  in  fiber  attenu¬ 
ation  wos  a  function  of  the  toughness  of  the  cable 
jacket,  number  of  impacts,  weight  of  the  hammer, 
the  drop  height  and  the  position  of  the  fiber  in 
the  cable.  After  many  impacts,  the  jacket  ruptured 
and  the  fiber  was  subjected  to  a  large  amount  of 
compression  and  ultimate  fracture. 

Tension: 


The  tensile  test  on  the  fiber  optic  cable  :  'er- 
formed  to  determine  its  ability  to  withst.  censile 
loading.  In  addition  to  the  customer's  specifi¬ 
cation,  the  following  parameters  were  measured: 

a.  Percent  of  broken  fibers  versus  tension. 

b.  Change  in  radiant  power  versus  tension. 

c.  Ability  of  cable  strength  member  to  withstand 
tensile  loads. 

MX  requirements  called  for  a  maximum  power  level 
change  of  0.2  dB  under  272  Kgms  (600  lbs.)  load. 

A  9090  Kgms  (20,000  lbs.)  Instron  tensile  testing 
machine  was  used.  Circular  mandrel  grips  with  a 
minimum  diameter  of  25  cms  (10  inches),  shown  in 
Figures  8  and  9  were  specially  designed  to  grip 
the  cables.  Prior  to  testing,  the  cable  speci¬ 
men,  30  meters  (98.4  feet)  in  length,  required 
for  connectorizing  to  monitors  and  wrapping  over 
mandrel  grips  was  preconditioned  for  48  hours  at 
50  +  5  relative  humidity  and  23  +  2°C.  The  cable 
was  removed  from  the  conditioning  chamber  and 
wrapped  5  times  around  the  mandrel  grips  and 
clamped.  A  center  to  center  distance  between 
mandrels  of  45  cms  (18  inches)  was  used.  An 
extensiometer  with  a  gauge  length  of  25  cms 
(10  inches)  was  attached  to  the  sample.  Three 


fibers  in  the  six  fiber  cable  were  each  connected  to 
the  850  nm  transmitter  and  receiver  units.  The  re¬ 
maining  three  were  connected  to  the  1300  nm  units. 

The  fiber  power  level  outputs  under  zero  load  were 
noted.  The  cable  was  loaded  at  a  crosshead  speed 
of  1.25  cms  (0.5  inches)  per  minute  to  various  values 
and  the  power  level  output  recorded.  The  load  was 
removed  and  the  recovered  power  level  output  re¬ 
corded.  This  procedure  was  repeated  until  fibers 
or  cable  tailed.  The  power  level  output  versus 
tension  was  used  to  determine  the  cable  attenuation 
change  under  tensile  load. 

Variation  of  fiber  power  level  output  versus  tensile 
load  and  its  recovery  on  release  of  load  is  shown 
in  Figure  10.  It  can  be  observed  that  there  is 
practically  no  change  in  power  level  output  up  to  a 
load  of  363  Kgms  (800  lbs.).  This  behavior  indi¬ 
cates  that  there  is  no  microbending  of  fiber  up  to 
this  stress  level.  Above  this,  the  cable  jacket 
material  begins  to  deform  transversely  causing 
microbending  of  the  fiber  resulting  in  power  level 
drop.  The  recovery  of  the  power  level  when  the 
load  is  released  is  a  function  of  the  resiliency 
of  the  jacketing  material.  On  further  increase  of 
the  load,  the  Kevlar  strands  break.  After  the 
break  of  the  Kevlar  strands,  the  plastic  jacket 
elongates  until  fiber  failure  and  loss  of  power. 

Compression: 

A  15  meter  (49  feet)  length  of  cable  sample  was  con¬ 
ditioned  at  23  +  2°C  and  50  +  5C  relative  humidity 
for  48  hours.  At  the  end  of  the  conditioning 
period  it  was  removed  and  mounted  between  two 
steel  compression  plates  10  cms  (4")  long  by  5  cms 
(2")  wide,  which  were  placed  in  an  Instron  testing 
machine  so  that  the  cable  sample  was  subjected  to 
10  cms  (4")  compression,  (see  Figure  11).  The 
mounting  of  the  cable  was  such  that  there  was  no 
lateral  motion  of  the  cable  in  the  fixture.  Three 
of  the  six  fibers  of  the  cable  were  each  connected 
to  the  850  nm  power  level  monitoring  system  and  the 
remaining  three  to  the  1300  nm  system.  The  trans¬ 
mitted  optical  power  outputs  were  measured  under 
no  load.  The  cable  was  then  subjected  to  various 
compression  loads  at  a  crosshead  displacement  rate 
of  0.125  cms  (0.05  inches)  per  minute.  The  trans¬ 
mitted  power  level  was  measured  and  the  cable  was 
then  unloaded.  This  procedure  was  repeated  for 
incremental  loads  until  fiber  failure. 

A  plot  of  fiber  power  level  output  versus  com¬ 
pression  load  and  the  power  level  recovery  on  re¬ 
lease  of  compression  load  is  shown  in  Figure  12. 

It  should  be  noted  that  the  cable  met  the  MX 
specifications  of  less  than  0.5  dB  power  level 
change  under  181  Kgms  (400  lbs.)  of  load.  It  is 
to  be  observed  that  up  to  about  363  Kgms  (800  lbs.) 
the  fiber  is  well  insulated  from  the  load  by  the 
cable  components.  Beyond  this  load,  the  cable 
jacket  deforms  and  the  load  is  transmitted  to  the 
fiber  causing  its  deformation  and  consequently 
microbending  and  optical  transmission  loss.  Even 
when  the  compression  load  increased  to  4545  Kgms 
(10,000  lbs.)  the  recovered  power  level  showed 
only  a  3  dB  loss  which  confirms  the  ruggedness  of 
the  cable. 
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Low  Temperature  Flexibility: 

This  test  was  used  to  determine  the  ability  of  a 
fiber  optic  cable  to  withstand  bending  at  the 
specified  temperature. 

A  15  meter  (49  feet)  long  cable  sample  was  condition¬ 
ed  for  48  hours  at  23  +  2°C  and  50  +  5T  relative 
humidity  and  attached  to  the  low  temperature  flexi¬ 
bility  apparatus  shown  in  Figure  13.  A  17.5  kg 
(38.5  lbs.)  mass  was  attached  to  each  end  of  the 
cable.  Three  of  the  six  fibers  were  each  attached 
to  a  850  nm  optical  power  level  monitoring  system 
and  the  remaining  three  attached  to  a  1300  nm  wave¬ 
length  monitoring  system  and  the  transmitted  power 
measured.  The  chamber  was  cooled  to  the  specified 
temperature  of  0DC  for  20  hours.  The  cable,  while 
in  the  cold  chamber,  was  then  wrapped  two  tu-ms  over 
a  15  cms  (6")  diameter  mandrel  (ten  times  cable 
diameter)  at  a  rate  of  two  turns  per  minute.  The 
cable  sample,  still  wrapped  on  the  mandrel,  was 
allowed  to  return  to  room  temperature,  and  the 
cable  jacket  examined  for  splitting  or  cracking  at 
10X  magnification.  Within  one  hour  after  reaching 
room  temperature  the  cable  specimen  was  straighten¬ 
ed  and  the  transmitted  power  through  the  six  fibers 
at  850  nm  and  1300  nm  wavelengths  measured.  Re¬ 
sults  are  shown  in  Table  III. 

ENVIRONMENTAL  CHARACERIZAT10N 
Temperature  Cycling: 

This  test  was  performed  to  determine  the  effect  of 
temperature  cycling  on  cable  attenuation.  The 
temperature  cycling  effect  is  defined  as  the 
difference  in  fiber  attenuation  (dB/km)  before  and 
after  temperature  cycling. 

Fiber  attenuation  was  measured  at  850  and  1300  nm 
at  20°C.  The  cables  were  temperature  cycled  for  a 
total  of  10  cycles  in  a  Tenney  environmental  cham¬ 
ber  One  cycle  consisted  of  +20°C  to  -40°C  to 
+60°C  to  +20°C.  (Figure  14).  The  holding  time  at 
the  temperature  extremes  was  8  hours  and  the  time 
for  temperature  change  from  one  extreme  to  the  other 
was  4  hours.  At  the  end  of  ten  cycles,  the  at¬ 
tenuation  was  measured  at  both  wavelengths  at  20°C. 
The  cables  were  visually  examined  for  any  splitting 
or  cracking  of  jacket  or  fiber  buffering.  Results 
are  reported  in  Table  IV.  MX  requirements  are  not 
more  than  0.5  dB/km  change  after  temperature  cycl- 
ing  for  10  cycles. 

Water  Penetration: 

A  two  meter  (6.56  feet)  specimen  of  the  finished 
cable  was  subjected  to  a  water  penetration  test  as 
follows:  A  water  tight  enclosure  was  applied  to 
one  end  of  the  cable  with  the  closure  end  placed 
under  a  three  feet  head  of  water.  (A  schematic  of 
the  test  apparatus  is  shown  in  Figure  15).  A  small 
amount  of  Zyglo  colorant  was  added  to  the  water. 

The  cable  sample  was  supported  horizontally  with 
the  other  end  open  to  atmospheric  pressure.  After 
subjecting  the  cable  sample  to  the  hydrostatic 
pressure  head  for  24  hours,  it  was  examined  for 
evidence  of  water  incursion. 


Water  Tightness: 

A  two  meter  (6.56  feet)  section  of  a  cable  was  sub¬ 
jected  to  a  hydrostatic  pressure  head  of  3.05  meters 
(ten  feet) of  water  (colored  red  by  adding  a  small 
quantity  of  Zyglo)  with  both  the  cable  ends  open  to 
atmosphere  for  a  period  of  24  hours.  At  the  end  of 
the  test  period,  the  cable  was  cut  open  and  examin¬ 
ed  for  evidence  (red  coloration)  of  water  incursion. 
A  schematic  of  the  test  apparatus  is  shown  in 
Figure  16.  This  test  was  performed  to  determine 
if  there  were  any  flaws  or  pinholes  in  the  cable 
jacket. 

Shock : 

The  shock  test  was  designed  to  test  the  cable  and 
the- cable  reel  for  dynamic  shock  stress  produced  by 
the  environment  expected  in  handling,  transporta¬ 
tion  and  service  use. 

A  reeled  cable  was  dropped-  (free  fall)  3  times  from 
a  height  of  45  cms  (18  inches)  onto  a  5  cms  (two 
inch)  plywood  surface  backed  by  concrete.  The 
drops  were  made  with  the  reel  flanges  in  different 
positions  with  the  horizontal  plane,  namely, 
normal,  parallel  and  at  45  degrees.  Attenuation 
at  850  nm  and  1300  nm  were  measured  before  the 
drops  and  after  completion  of  test.  The  cable  reel 
was  examined  for  any  damage.  Results  are  reported 
in  Table  V. 

It  is  observed  that  the  attenuation  value  generally 
decreased  after  shock.  We  believe  this  decrease  is 
associated  with  the  stress  relaxation  of  the  optical 
fiber  in  the  tube  and  a  probable  redistribution  of 
fiber  oscillations  inside  the  tube. 

Vibration: 

The  vibration  test  was  preformed  to  determine  if  the 
cable  could  withstand  dynamic  vibrational  stresses 
and  to  insure  that  performance  degradations  or  mal¬ 
functions  would  not  result  from  the  service 
vibration  environment. 

The  attenuation  of  optical  fibers  in  a  reeled  cable 
was  measured  at  850  and  1300  nm  prior  to  subjecting 
the  cable  to  the  vibration  tests.  The  reel  was 
wrapped  with  24  gauge  sht  ,t  metal  and  banded  with 
metal  bands.  It  was  then  secured  on  the  vibration 
table  and  tested  as  per  MIL-STD-810C,  Method  514, 
Procedure  X,  Curve  AX  for  equipment  transported  as 
secured  cargo  except  that  low  frequency  displace¬ 
ment  was  maintained  at  0.80  inches.  (Figure  17). 

The  reel  was  vibrated  for  84  minutes  in  each  of 
the  three  mutually  perpendicular  axes .  Ihe  reel 
was  cycled  seven  times  from  5  -  200  -  5  Hz  in 
twelve  minute  cycles  at  an  approximate  rate  of  1 
octave  per  minute.  Attenuation  of  the  optical 
fibers  was  measured  at  the  end  of  the  test.  Results 
are  shown  in  Table  VI.  Figure  18  shows  the  vibra¬ 
tion  test  axes  and  cable  reel  fastened  to  the 
vibration  table  (x-x  axis). 

Although  the  attenuation  did  not  decrease  as  in  the 
shock  test,  the  results  are  approximately  similar 
to  the  shock  data  and  it  can  be  assumed  that  the 
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mechanism  described  in  the  shock  test  is  operational 
here  also. 

INSTALLATION 

The  cables  were  installed  by  direct  burial.  Six 
optical  fiber  cables  were  simultaneously  buried  at  a 
depth  of  1.2  meters  (48  inches)  using  conventional 
plowing  equipment.  Prior  to  installation,  cables 
were  checked  for  continuity  and  their  attenuation 
measured  using  an  OTDR.  One  cable  reel  was  placed 
on  the  olowing  rig.  The  remaining  five  cables  were 
laid  on  the  ground  along  the  installation  route  by 
simultaneous  pay-off  from  a  1?  meter  (40  feet)  flat 
bed  trailer. 

The  five  cables  which  had  been  placed  on  the  ground 
and  the  cable  on  the  plowing  righ  were  passed  over 
cable  guides  and  threaded  through  the  plowing  chute. 
The  rate  of  plowing  averaged  approximately  20  meters 
(66  feet)  per  minute.  Approximately  two  sections, 
each  2  kilometers  (6560  feet)  long,  were  installed 
in  a  day  or  a  total  of  24  kilometers  (15  miles)  of 
cable. 

Excess  lengths  of  cable  were  accumulated  at  each 
splicing  location.  Individual  fibers  were  spliced 
bv  means  of  electric  arc  fusion  welding  and  housed 
in  a  15  cm s  (six  inch)  diameter  splice  case.  A 
fiber  organizer,  designed  by  GTE  Sylvania,  for 
orderly  handling  and  placement  of  fiber  during  and 
after  splicing  was  contained  in  the  splice  case. 
Also,  provisions  in  the  splice  case  had  been  made  to 
tie  off  the  strength  member.  To  prevent  any  moist¬ 
ure  ingress  into  splice  case,  the  internal  cavity 
was  filled  with  a  re-enterable  encapsulating  com¬ 
pound. 

No  problems  were  encountered  and  a  successful  in¬ 
stallation  at  a  steady  rate  of  plowing  was  accomp¬ 
lished.  It  can  be  safely  stated  that  even  though  an 
additional  number  of  cables  were  installed  to¬ 
gether, the  fiber  optic  cable  design  for  the  rugged 
requirements  of  direct  burial  permitted  safe  in¬ 
stallation  by  means  of  conventional  plowing 
techniques  and  equipment. 

ANALYSIS  AND  CONCLUSIONS 

We  have  successfully  fabricated  ruggedized  dual 
wavelength  fiber  optic  cables  in  two  kilometer 
(6560  feet)  lengths  and  characterized  their  mechan¬ 
ical  and  environmental  behavior  at  850  and  1300  nm 
wavelengths  on  test  equipment  designed  to  meet 
D0D  1678  specifications.  Power  level  output  that 
was  obtained  at  850  nm  versus  those  at  1300  nm  did 
not  show  any  significant  differences  which  indi¬ 
cated  that  it  might  not  be  necessary  to  charactrize 
the  cable  at  1300  nm  in  addition  to  850  nm  for  its 
mechanical  and  environmental  performance.  During 
impact  testing  we  observed  that  rhe  fiber  power 
level  output  was  a  function  of  the  position  of  the 
fiber  in  the  cable.  The  fiber  that  was  in  the 
direct  line  of  impact  underwent  the  most  attenu- 
a t ion, whereas , the  one  that  was  positioned  at  90 
degrees  to  it  the  least  attenuation.  Certain 
fibers  were  in  direct  line  of  loading  compared  to 
others  and  their  power  level  output  showed  the 


most  attenuation.  Therefore,  results  presented 
in  this  paper  are  the  maximum  change  in  power  level 
output  of  the  fiber  in  the  cable.  The  cables  were 
found  to  easily  meet  the  MX  specifications. 
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TABLE  IA 


MX  CABLE  SPECIFICATIONS 


Fiber 

Count 

Maximum 

Attenuation 

dB/km 

Minimum 
Bandwi dth 
MHz -km 

Cable  Max. 

C.D.  Weight 

850  nm 

1 300  nm 

850  nm 

1300  nm  Inches(Max-)  LBS. /km 

6 

3.5 

2.0 

400 

400  0.75  660 

TABLE  IB 

MX  CABLE 

-  MECHANICAL  SPECIFICATIONS 

Designation 

Minimum  Number 
of  Test  Samples 

Test 

Procedure 

Speci fications 

Tensile  Loading 

4 

D0D  1678 

600  lbs.  with  <  0.2  dB  change  in  power 
level  output. 

Compressive  Strength  4 

D0D  1678 

400  lbs.  with  ^  0.5  dB  change  in  power 
level  output. 

Impact 

4 

D0D  1678 

9  kg  dropped  10  times  from  15  cm  height 
with  .<  0.5  dB  change  in  power  level  output 

Low  Temperature 
Flexibility 

4 

D0D  1678 

2  turns  over  6  inch  diameter  at  0°C 

with  <  0.5  dB  change  in  power  level  output 

TABLE  IC 

MX  CABLE 

-  ENVIRONMENTAL  SPECIFICATIONS 

Designation 

Minimum 
Number  of 
Samples 

Test  Procedure 

Specifications 

Temperature 

Cycling 

4 

10  cycles 
+20°C 

of  +20,  -40,  +60, 

^  0.5  dB/km  attenuation  change  before  and 
after  cycling. 

Water 

Penetration 

4 

2  meter  sample  subjected  to 

3'  water  pressure  head. 

No  water  penetration  in  24  hours. 

Water 

Tightness 

4 

Surface  of  2  meter  section 
of  cable  subjected  to  10 
feet  water  pressure  head. 

No  water  incursion  in  24  hours. 

Shock 

2 

MIL  STD. 
Procedure 

810,  Method  510, 

II. 

<  0.5  dB/km  change  before  and  after  drops. 

Vibration 

2 

MIL  STD. 
Procedure 

81 0C,  Method  514, 

X,  Curve  AX. 

^  0.5  dB/km  change  before  and  after 
vibration. 
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TABLE  II 

TYPICAL  OPTICAL  FIBER  DATA  OF  MX  CABLE 


Attenuation 

dB/km 

Bandwidth 

MHz-km 

Color 

@  850  nm 

1300  nm 

@  850  nm 

1300  nm 

Red 

2.87 

1.14 

936 

624 

Orange 

2.50 

1.01 

554 

867 

Yellow 

2.47 

1.26 

1213 

640 

Green 

2.50 

1.00 

815 

728 

Blue 

2.45 

0.97 

763 

1180 

Violet 

2.77 

1 .06 

485 

954 

TABLE  III 

LOW  TEMPERATURE  FLEXIBILITY  TEST  RESULTS 


Numerical 

Aperture 

0.18 

0.19 

0.20 

0.20 

0.20 

0.20 


Dec  i  men 
d  . 


Power  Level 

Power  Level 

Power 

Level  After 

before 

after 

No.  of 

dB 

Return 

to  21°C 

Temp. 

Weight 

Winding 

Windinq 

Turns 

Change  Wound 

Straiqht 

0°C 

17.5  kg 

1.245 

1.245 

2 

0 

1.212 

1.210 

o°c 

17.5  kg 

1.454 

1 .454 

2 

0 

1 .446 

1 .445 

o°c 

17.5  kg 

1.735 

1.734 

2 

0 

1.730 

1.730 

0°C 

17.5  kg 

1.202 

1.199 

2 

0 

1 .208 

1 .206 

0°C 

17.5  kg 

2.212 

2.209 

2 

0 

2.283 

2.282 

0°C 

17.5  kg 

3.681 

3.679 

2 

0 

3.595 

3.597 

Requirement: 


Maximum  0.5  dB  change  at  0°C  after  winding. 


Remarks 


Mandrel  di a . =6" . 
Sample  condition¬ 
ed  24  hrs.  at 
0°C  before  wind¬ 
ing  over  mandrel 
two  turns.  No. 
splitting  or 
cracking  of  cable 
insulation  visible 
at  10X  magnifica- 
ti  on . 


TABLE  IV 

MX  CABLE  -  TEMPERATURE  CYCLING  RESULTS 


Fiber 

No.  of 

Attenuation  dB/km 
before  Cycling 

No. 

Color 

Cycles 

850  nm 

1300  nr 

1 

Red 

10 

3.2 

1 .4 

2 

Orange 

10 

2.7 

1.7 

3 

Yellow 

10 

2.7 

1 .4 

4 

Green 

10 

2.8 

1.8 

5 

Blue 

10 

2.7 

1.1 

6 

Violet 

10 

2.7 

1.2 

Attenuation  dB/km 
after  Cycling 

850  nm  1300  nm 

Change  in 
Attenuation 
850  nm 

1300 

3.2 

1.8 

0 

+0.4 

2.6 

1.8 

-0.1 

+0.1 

2.4 

1 .4 

-0.3 

0 

2.6 

1.9 

-0.2 

+0.1 

2.6 

1.3 

-0.1 

+0.2 

2.5 

1 .4 

-0.2 

+0.2 
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TABLE  V 


MX  CABLE  -  SHOCK  TEST  RESULTS 


Samp! e 
1  km  reel 


2  km  reel 


Attenuation 

Attenuation 

(dB/km) 

(dB/km) 

Change  in 

Drop 

No.  of 

Before  Shock 

After  Shock 

Attenuation 

Distance 

Drops 

850  n m 

1300  nm 

850  nm 

1300  nm 

850  nm 

1300  nm 

18" 

3 

2.79 

1.73 

2.68 

1.48 

-0.11 

-0.25 

3.00 

1.49 

2.79 

1.17 

-0.21 

-0.32 

2.71 

1.76 

2.58 

1.32 

-0.13 

-0.4n 

2.69 

1.76 

2.70 

1.27 

0.01 

-0.49 

2.89 

1.81 

2.84 

1.52 

-0.05 

-0.29 

2.64 

1.98 

2.56 

1.51 

-0.08 

-0.37 

18" 

3 

3.24 

1.80 

3.17 

1.43 

-0.07 

-0.37 

2.61 

1.80 

2.70 

1.71 

0.09 

-0.09 

2.40 

?  .46 

2.49 

1.29 

0.09 

-0.17 

2.67 

1.90 

2.68 

1 .80 

0.11 

-0.10 

2.57 

1 .30 

2.63 

1 .07 

0.06 

-0.23 

2.49 

1.38 

2.48 

1.18 

0.01 

-0.20 

TABLE  VI 

MX  CABLE 

-  VIBRATION 

TEST  RESULTS 

Attenuation  (dB/km) 

Before  Vibration 

Attenuation  (dB/km) 

After  Vibration 

Change  in 
Attenuation 

1300  nm 

Cable 

850  nm 

1300  nm 

850  nm 

1300  nm 

850  nm 

1  km  reel 

2.87 

1.14 

2.78 

1.13 

-0.09 

-0.01 

2.50 

1.01 

2.62 

1.20 

0.12 

0.19 

2.47 

1.26 

2.51 

1.30 

0.04 

0.04 

2.50 

1.00 

2.49 

1.02 

-0.01 

0.02 

2.45 

0.97 

2.46 

1.01 

0.01 

0.04 

2.77 

1.06 

2.83 

1.14 

0.06 

0.08 

2  kro  reel 

2.33 

1.18 

2.70 

1.46 

0.38 

0.28 

2.77 

1.11 

2.62 

1.14 

0.15 

0.03 

3.00 

1.14 

2.98 

1.50 

-0.02 

0.36 

2.68 

1.14 

2.62 

1.03 

-0.06 

-0.11 

2.59 

0.99 

3.09 

1.33 

0.50 

0.34 

2.64 

1.50 

2.70 

1.46 

0.06 

-0.04 
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FIBER  NUMERICAL  APERTURE  MEASUREMENT  SETUP 


FIGURE  1 


FIGURE  4 


Schematic  of  the  Design  of  6  Fiber 
Armored  MX  Cable. 


A  Schematic  Instrumental  Set-Up  to  Measure  Fiber 
Numerical  Aperture. 


FIGURE  2 

A  Block  Diagram  of  Set-Up  for  Fiber  Attenuation 
Measurement. 
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FIGURE  5 

Photograph  of  Impact  Testing  Apparatus 


FIGURE  3 

Block  Diagram  of  Set-Up  for  Bandwidth  Measurements 
by  Frequency  Domain  Technique. 
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FIGURE  8 

Photograph  of  Tensile  Testing  of  an  MX  Cable  with 
Fiber  Connecterized  to  850  and  1300  nm  Power  Level 
Monitors. 


FIGURE  6 

A  Schematic  of  Impact  Testing  Apparatus 
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FIGURE  7 

Typical  Impact  Characteristics  of  6  Fiber  MX 
Cable. 


FIGURE  9 

A  Close  Up  View  of  Mandrel  and  Cable  Grips. 
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FIGURE  10 

Typical  Tensile  Test  Results  on  6  Fiber  MX 
Cable. 


FIGURE  11 

Photograph  of  Compression  Test  on  MX 
Cable. 
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FIGURE  13 

A  Schematic  of  Low  Temperature  Flexibility  Test 
( i xture  per  DOD  1678. 


ENVIRONMENTAL  TEMPERATURE  TEST  CYCLES  (2) 


0  12  3  1 


NUMBER  Of  DAYS 


FIGURE  14 

Environmental  Temperature  Test  Cycle. 


FIGURE  12 

Typical  Compression  Test  Results  on  6  Fiber  MX  Cable. 


FIGURE  15 

A  Schematic  of  Water  Penetration  Test  Apparatus. 
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FIGURE  16 

A  Schematic  of  Water  Tightness  Test  Apparatus 


FTGMRF  18A 

Diagram  of  Vibration  Test  Axes. 
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FIGURE  17 

Displacement  Versus  Frequency  Curve  for  Vibration 
Test 


FIGURE  10B 

A  Photograph  of  Cable  Vibration  Test  Set-up. 
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This  paper  discusses  design,  manufacturing  and 
installation  experience  with  a  simple  tight  design 
cable  for  use  in  ducts.  The  small  outside  diameter 
and  low  weight,  of  7.5  ran  and  60  kg/tnm  respectively, 
allow  it  to  be  manufactured  and  installed  in 
lengths  in  excess  of  2  km  and  the  design,  including 
fibre  axial  compression  optimised  through  optical 
strain  measurements,  provides  large  safety  margins 
against  fibre  failure  under  tensile  loading.  Both 
multimode  and  monomode  cables  have  been  cabled  with 
zero  incremental  loss.  Under  contract  with 
British  Telecom  a  total  of  15.6  km  of  monomode 
cables  were  produced.  Laboratory  operation 
over  62.4  km  at  320  Mb/ r.  was  demonstrated  and  they 
were  installed  and  spliced  to  give  mean  attenuations' 
of  0.49  and  0.33  dB/km  at  1.3  and  1.55  pm  wave¬ 
lengths  respectively.  |  ^ 

A  '  ,:/  *  ‘ 

•  i  •  ~ 

INTRODUCTION 

Over  the  last  decade  STL,  and  more  recently  its 
parent  company  STC  pic,  have  been  involved  in  the 
development  of  a  range  of  optical  fibre  cables. 

One  of  the  main  cable  types  was  designed  for  duct 
installation  in  PTT  applications.  The  philosophy 
in  designing  this  cable  has  been  to  utilise  the 
small  size  of  the  transmission  medium  to  allow  the 
cable  itself  to  be  kept  small  in  size  with 
associated  benefits  of  ease  in  handling  both  during 
manufacture  and  installation.  It  is  the  aim  of 
this  paper  to  demonstrate  that  with  this  approach 
we  have  been  able  to  maintain  the  high  initial 
performance  of  the  fibre  through  the  production 
stages  and  installation.  The  key  features  are 
described  with  reference  to  both  monomode  and  multi- 
mode  fibres  and  it  is  shown  that  this  simple  cable 
design  formed  an  excellent  vehicle  for  development 
in  a  recent  experimental  monomode  system. 

FIBRE  PACKAGING 

The  fibre  is  packaged  in  two  tightly  filled  layers 
of  silicone  rubber  and  nylon  12  as  shown  in  Fig.  1. 

The  silicone  primary  coating  is  applied  on-line 
with  fibre  pulling  and  provides  immediate  protection 
against  surface  damage  and  a  soft  buffer  layer 
which  forms  one  element  of  the  protection  against 
microbending.  The  nylon  secondary  coating  is 


applied  in  a  separate  extrusion  process  and  provides 
the  higher  modulus  element  of  the  protection 
against  radial  and  axial  forces  during  cabling.  An 
analysis  of  the  effectiveness  of  this  hard/soft 
coating  combination  in  buffering  the  fibre  against 
externally  applied  radial  forces  has  been  reported 
by  a  number  of  authors,  and' they  show!  that  our 
empirically  determined  coating  thicknesses  are  not 
far  from  an  optimum.  Both  fibre  types  use  a  fibre 
o.d.  of  125  um  and  silicone  thickness  of  about 
50  pm.  The  multimode  fibre  has  a  nylon  o.d.  of 
1.0  mm  and  the  monomode  0.85  um. 

One  feature  of  nylon  which  makes  it  particularly 
suitable  for  tight  extrusion  coating  of  fibres  is 
its  low  melting  viscosity  which  minimises  shear 
<*  forces  on  the  fibre  and  minimises  sensitivity  to 
tooling  detail.  X-ray  analyses  has  shown  no  signs 
of  orientation  in  this  coating  but  other 
parameters  have  been  found  to  be  sensitive  to  the 
conditions  used  to  cool  the  extrusion  coating  and 
some  of  these  are  shown  in  Table  1. 

Incremental  losses  at  room  temperature  due  to  the 
coating  process  are  low,  but  temperature  testing 
shows  the  increments  at  -40°C  to  increase  with  the 
speed  at  which  the  nylon  was  cooled  after  extrusion. 
A  further  parameter  which  changes  is  the  axial 
compression  ^  which  the  coating  produces  in  the 
fibre.  Fig.  2  shows  the  way  in  which  this  changes 
as  the  water  cooling  trough  is  moved  down  the 
extrusion  line. 

Air  cooling,  which  we  have  found  to  give  the  better 
low  temperature  performance  is  thus  also  giving 
higher  axial  compression.  This  experience  is 
apparently  at  variance  with  the  generally  accepted 
theory  that  low  temperature  incremental  losses  are 
due  to  collapse  of  the  fibre  into  helical  bends 
under  axial  compressive  strains  induced  by  coating 
shrinkage.^1  We  believe  that  while  this  is  true 
the  better  adhesion  which  we  see  and  the  minimising 
of  voids  between  primary  and  secondary  coatings  ^ 
gives  an  improved  package  stability  which  more  than 
outweighs  the  higher  compression. 

CABLE  DESIGN  AND  MANUFACTURE 

The  cable  designs  for  both  monomode  and  multimode 
are  almost  identical,  differing  only  slightly  in 
size  because  of  the  different  nylon  coating 
diameters.  A  configuration  used  for  a  monomode 
cable  is  shown  in  Fig.  3. 
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A  total  ot  ten  packaged  fibres,  and  fillers  as 
required,  are  helically  stranded  around  a  central 
strength  member  of  dy formed  steel  strand  coated 
with  nylon.  The  steel  lias  an  o.d.  of  1.83  mm  and 
a  stranding  lay  length  of  130  nan  is  used.  The 
strands  are  held  in  place  by  a  PK1T  tape  wrap. 

The  cable  is  completed  by  the  application  of  an  AIM. 
(aluminium  plastic  laminate)  longitudinally 
wrapped  tape  and  a  low  density  polyethylene  extruded 
sheath.  in  addition  to  the  philosophy  referred 
to  in  the  introduction  of  producing  a  size  of  cable 
commensurate  with  the  fibre,  we  have  also  favoured 
the  "tight"  approach  where  the  various  components 
are  in  close  contact  ensuring  that  they  maintain 
their  correct  relative  positions  through  a  range 
of  static  and  dynamic  load  conditions.  In  such  a 
structure  there  are  obvious  dangers  of  producing 
high  local  contact  stresses  and  microbending  losses. 
The  fibre  packaging  is,  as  already  discussed, 
designed  to  minimise  these,  but  it  has  also  been 
found  important  to  minimise  radial  pressures 
within  the  cable  structure.  Both  fibre  stranding 
pay-off  tensions  and  the  PETP  wrapping  tension  are 
controlled  at  l  N  and  the  sheath  is  applied  by  a 
tubing  technique.  The  API.  tape,  whose  primary 
purpose  is  to  provide  a  water  barrier  also  forms 
a  tubular  barrier  against  radial  forces  during  and 
after  sheath  extrusion, 

OPTICAL  PKKFORMAXa: 

Monomodc 

Using  the  techniques  discussed  above  about  24  km  of 
cable,  each  incorporating  4  monomodc  fibres,  were 
produced  under  a  contract  with  BTKL  (British 
Telecom  Research  Laboratories),^  Fig.  *4  shows  the 
spectral  loss  changes  during  cable  processing.  At 
longer  wavelengths  where  the  evanescent  fields  in 
the  cladding  are  becoming  more  significant  a  bend 
edge  can  be  seen.  This  is  most  prominent  at  the 
secondary  coating  stage  where  the  fibre  is  wound  in 
multiple  layers  on  small  diameter  reels,  but  is 
almost  completely  absent  under  the  more  controlled 
bend  conditions  of  the  cable.  Moreover  at  the 
designed  operating  wavelengths  of  1.3  and  1.35  vim 
incremental  losses  are  extremely  low  and  well 
controlled  as  can  be  seen  in  Table  2. 

Mu  1 1 i mode 

When  operating  away  from  mode  cut-off  wavelengths 
a  properly  designed  monomode  fibre  is  relatively 
insensitive  to  microbending  losses,  but  in  a 
multimode  fibre  under  equilibrium  conditions  there 
are  always  modes  close  to  cut-off  and  it  is 
consequently  more  difficult  to  control  incremental 
losses  during  cabling.  Table  3  shows  the  losses 
achieved  at  the  various  stages  in  cabling  ten 
multimode  fibres. 

CABLE  STRENGTH 

The  cable  is  designed  to  have  sufficient  strength 
to  protect  the  fibre  during  the  most  severe  lead/ 
time  envelope,  which  may  be  experienced  during 
installation.  The  designed  peak  installation 
load  is  l  itX')  N  that  is  the  weight  of  2  km  of  cable 


The  steel  strength  member  ensures  a  cable 
elongation  of  0.257  at  this  iuad  which  should  be 
compared  to  the  O.b”  strain  proof-test  applied  to 
the  packaged  fibre.  Even  with  this  safety  margin, 
under  the  more  pessimistic  assumption  of  stati 
fatigue  fibre  failure  is  possible,  but  the 
probability  is  very  low  and  this  is  borne  out  by 
the  installation  results.  A  further  margin  of 
safety  is  also  provided  by  the  compresive  strain 
induced  by  the  nylon  coating  as  described  earlier 
in  the  paper. 

INSTALLATION 

It  is  of  particular  interest  that  the  installation 
programme  lias  been  carried  out  in  very  diverse 
weather  conditions.  Temperatures  have  been  as 
low  as  -20°  centigrade  and  as  high  as  +20°  centigrade 
and  cable  drum  lengths  ranging  from  1  to  2.7  km 
have  been  used. 

Multimode  Cable 


Early  in  1^80  the  first  multimode  optical  cables 
were  drawn  into  ducts  between  Croydon  and  Vauxhall 
in  the  south  of  London.  These  and  subsec  cut 
routes  are  shown  in  Table  4. 


On  the  first  optical  cables  to  be  pulled  o  duct, 

a  winch  was  used  for  some  of  the  section  ' -M; 

recorded  the  pulling  tension  on  the  draw  •<?  and 
limited  the  pull  on  the  rope  to  a  pre-do  ned 

figure.  This  method  was  discontinued  Ke 

first  few  pulls  for  a  more  conventional  f 

using  a  capstan  winch  but  the  method  pro  oome 


useful  data  for  planning  subsequent  installations. 

The  pulling  tension  on  the  cable  depends  on  the 
length  and  occupancy  o.  the  duct  and  on  these  early 
routes  the  occupancy  varied  from  zero  to  a 
maximum  of  507.  In  the  empty  ducts  cable  pulls 
were  relatively  simple  and  pulling  tensions  were 
understandably  low.  Although  the  cable  was 
designed  for  a  maximum  pulling  tension  of  1200  N, 
the  pull  on  the  rope  was  limited  to  1000  N. 

As  a  capstan  winch  is  more  commonly  used  for  cable 
installation,  alter  the  first  few  lengths  were 
drawn  into  duct  by  the  variable  tension  winch,  a 
standard  capstan  with  apo lypropvleno  draw  rope  with 
a  stretch  factor  of  157  was  used.  Although  the 
variable  tension  winch  limited  the  pull  on  the  draw 
rope,  it  is  the  pull  on  the  cable  itself  which  needs 
to  be  protected  and  a  mechanical  fuse  (see  attached 
figure!  was  developed  with  a  breaking  strength  that 
can  he  adjusted  by  selection  of  a  shear  pin.  This 
fuse  was  sot  to  1000  N  and  proved  extremely 
effective  and  reliable.  The  shear  pin  was 
renewed  for  each  pull. 

A  small  swivel  specially  designed  with  a  thrust 
ball  race  was  used  throughout  the  cable  pulling 
operations  with  the  optical  cable  threaded  through 
the  eye  of  the  swivel,  looped  back  over  a  length 
of  1  metre  and  lashed  tightly  throughout  its  length. 
This  method  of  anchoring  the  cable  proved  very 
effective  and  was  not  modified  throughout  these 
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operations.  The  design  of  this  type  of  cable 
ensures  that  pulling  tensions  are  transferred  from 
the  outer  sheath  to  the  other  constituent  parts  of 
the  cable  over  about  4  metres  of  cable. 

When  pulling  long  lengths  of  cable  into  duct  with  a 
high  occupancy  factor  some  of  the  cable  was  pulled 
by  hand.  Where  ducts  were  not  in  line  at  a  man¬ 
hole  turning  wheels  were  used  if  necessary  and  when 
a  cable  pull  became  too  difficult  or  tensions  were 
likely  to  exceed  1000  N  the  cable  was  fleeted 
alongside  the  manhole  in  a  figure  of  eight.  The 
cable  would  then  be  fed  into  the  next  duct  section 
as  necessary. 

Throughout  the  cable  installation  programmes  all 
the  pulling  techniques  described  above  were  used 
and  all  the  known  hazards  in  cable  installation 
experienced  and  successfully  overcome. 

Monomode  Cable 

During  1982  15  km  of  monomode  cable  was  it. stalled 
between  the  research  establishment  of  British 
Telecom  and  Ipswich  utilising  the  installation 
methods  described  above,  that  had  been  so  success¬ 
ful  with  the  multimode  fibre  cable. 

In  all  10  drums  of  cable  were  installed  between  the 
2  terminals,  9  of  them  in  duct  and  1  within  the 
precincts  of  the  research  establishment.  The 
average  length  of  cable  installed  was  rather  greater 
than  in  previous  installations,  the  longest  length 
being  2.7  km.  Also  duct  occupancy,  which  had  been 
no  more  than  30%  in  previous  routes,  was  as  high 
as  85%  on  this  route.  Because  of  this  the  cable 
had  to  be  manhandled  rather  more  than  previously. 

As  on  previous  routes  a  mechanical  fuse  set  at 
1000  N  was  used  to  protect  the  cable. 

Splice  losses  are  of  particular  concern  in  monomode 
systems  and  extensive  trials  were  carried  out  on 
these  cables  before  installation.  In  all  some 
200  splices  were  made  with  an  average  splice  loss 
at  1.3  um  of  0.11  db  and  0.08  db  at  1.55  yin.  ^  When 
these  cables  were  spliced  in  the  field  slightly  but 
not  significantly  lover  losses  were  found. 

Cone  1 us  ion 

It  can  be  seen  from  the  above  that  in  a  relatively 
short  period  of  time  confidence  in  installing 
optical  cables  has  progressed  markedly.  The 
average  length  of  cable  pulled  into  duct  has 
increased  and  fibre  splicing  and  jointing  has  become 
a  routine  matter.  More  importantly,  it  has  been 
demonstrated  that  monomode  cable  of  this  design  can 
be  pulled  into  duct,  spliced  and  jointed  by 
Installation  personnel.  Although  it  must  be 
recognised  during  training  that  splicing  operators 
need  to  be  very  patient  with  a  natural  aptitude 
for  the  manipulating  skills  required  for  this  type 
of  operation,  such  operatives  are  not  uncommon. 


MONOMODE  SYSTEM  TRIALS 

Several  system  experiments  have  been  performed  using 
these  cables.  First,  before  installation,  all  the 
cabled  fibres  were  spliced  together  in  the 
laboratory  and  transmission  at  1.3  ^m  with  a 
modulation  rate  of  320  Mb/sec  was  established 
through  the  full  62.4  km.  In  this  experiment  a 
bit  error  rate  of  less  than  1  in  10^  was  found  with 
a  signal  margin  of  several  db.  After  installation 
and  field  splicing,  workers  at  BTRL  reported  ^ 

565  Mb/sec.  operation  at  1.3  pm  over  the  same 
length  with  a  margin  of  1  db  for  the  same  bit  i  rror 
rate.  Finally  the  fibres  were  spliced  to  a  further 
31.5  km  of  cabled  fibre  that  had  been  installed 
earlier  and  operation  at  1.52  pm  at  a  modulation 
rate  of  155  Mb/sec.  was  demonstrated  over  the  total 
length. 

CONCLUSION 

This  paper  has  presented  design,  manufacture  and 
installation  experience  on  a  tight  cable  design 
for  a  duct  environment.  This  simple,  low  weight 
cable  is  capable  of  maintaining  the  integrity  of 
high  grade  multimode  and  monomode  fibre  to  allow 
their  use  in  commercial  systems. 
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he  was  appointed  Installation  Manager  in  1977  and 
is  currently  responsible  for  the  installation  of  all 
digital,  analogue  and  optical  cable  systems. 


TABU.  1  !  fleet  ol  Cooling  Regime  On  Fibre  Fa-  Wage 

Parameters 


1 

COOL INC 
REGIME 

ISC REM 
LOSS 
"40°C 

LNTAI. 
JB/kn 
♦  70°C 

NYLON 
DENSITY 
kg/ rJ 

NYLON 

Y Ol’NOS  MO I  ULUS 

AIK  COOL  | 

O.u 

0 . 2  3 

K'l  >.b 

0.  9r> 

noTtso°i:> 

water 

QLLSCH 

i 

Lv 

0.  J 

1010. J 

0 .  B  b 

COLD  WAT HR 
QIT.NC1I 

30 

0.  J3 

1 UO  3 .  y 

0.74 

TABLE  2  Summary  of  Fibre/Cable  Parameters 


No.  in 
sample 

Attenuation  dB/km 

1.3  j?m  1 .55  urn 

O  U 

n  n 

Primary  fibres 

55 

0.44 

0.27 

.otal  length 

0.04 

0.055 

26?  km 

Cabled  fibres 

56 

0.43 

0.28 

Total  length 

0.04 

0.08 

97  km  (14x4 

fibre  cables. 

24.3  km) 

lncremen*al 

52 

-0.007 

3-  0.028 

loss 

32 

Core  diam  8.7  fim,  A  5.05  x  1 0  3 

rn0.33 

nn  0.33x10  3 

36 

Zero  dispersion 

1 .32  fitrt 

wavelength 

20 

OH  absorption  peak  2.4  dB/km 

7?  1 .39  uffl 
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TABLE  3  Optical  Results:  Multimode  Cable  C 35 1 


Length  l  QUO  m 


STRAW 

ATTENUATION 

idB/Km) 

N.  A. 

PCF* 

SCFf 

CORE 

CABLE 

1 

0.22 

2.  b 

2.7 

2.8 

2. 7 

2 

0.23 

3.0 

3.  1 

3.2 

3.0 

3 

0.22 

3.0 

3. 1 

3.  2 

3.2 

C.  22 

3.0 

3.0 

- 

3.0 

5 

0.23 

3.  1 

3.0 

3.1 

3.0 

b 

0.23 

2.  7 

2.  7 

2.8 

2.8 

7 

0.22 

2.8 

2.9 

o  9 

2.8 

6 

0.20 

2.7 

3.0 

2.8 

9 

0.23 

3.0 

3. 1 

3.i 

3.1 

10 

0.22 

3.0 

2.9 

2.9 

2.9 

MEAN 

VALUES 

2 . 89 

2.95 

2.99 

2.93 

*  PCF  *  Primary  Coated  Fibre 
SCF  *  Secondary  Coated  Fibre 
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Fie.  1  Packaeed  fibre  cbnstruction 


TABLE  4  Cable  Installation 


SYSTEM 

CABLE 

CABLE 

LONGEST 

DUCT  OCCUPANCY 

NUMBER  OF 

TYPE 

DRUMS 

LENGTH (Km) 

DRUM 

FLEET INGS 

LENGTH 

MEAN 

MAX. 

(Kid) 

C.) 

<') 

Croydon  - 
Vauxhal 1 

Multi¬ 

mode 

16 

13.5 

l  .04 

3 

50 

lb 

Vauxhall  - 
Faraday 

n 

i  ,i 

30 

50 

7 

Aberystwth  - 
Ponterwyd 

- 

19.7 

1.2 

20 

40 

12 

Aberdeen  - 
Kingswe 11s 

12 

12.22 

1.5 

20 

95 

9 

Ipswich  - 
Martlesham 

Mono- 

mode 

_ 

10 

. 

15.8 

_ 

2.7 

.  _ . 

40 

85 

29 
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Fifi.  3  Schematic  cable  structure 
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Attenuation 
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Fie.  4  Soectral  attenuation  chanfies  durine  cable  processing 
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Abstract 


Fiber  optic  cable  is  vulnerable  to  its  environment 
more  than  conventional  metallic  cables.  In  addition 
to  the  required  mechanical  properties,  adequate 
moisture  and  rodent  protection  are  necessary,  espe¬ 
cially  in  direct  burial  applications. 

In  such  application  optical  fibers  can  experience 
stress  due  to  moisture  freeze-up  and  the  small  dia¬ 
meter  of  the  cable  makes  it  an  easy  prey  for  rod¬ 
ents.  All  these  protections  can  obviously  be 
achieved  by  designing  layers  of  jackets,  each  of 
which  has  its  own  function.  The  major  drawback  of 
such  construction  though  is  not  only  economic  but 
also  performance. 

In  this  paper  a  jacketing  concept  is  discussed 
whereby  two  layers  of  jackets  -  moisture  protection 
through  corrugated  steel  and  polyethylene  can  he 
replaced  by  a  single  jacket  comprising  longitud¬ 


inally  formed  steel  tape  bonded  to  polyethylene. 


’/N 


Introduction 


The  thermal  coefficient  of  expansion  of  glass  is 
lower  than  that  of  metal  by  an  order  of  magnitude 
and  lower  than  that  of  jacketing  materials  by  two 
orders  of  magnitudes. 


Material 

Glass  fiber 
Steel 
Aluminum 
Nylon 

Polypropylene 

Polyurethane 


Coefficient  of 
expansion 

x  10  -6cm/cmec 

0.8  -  1.7 
11  -  18 
22  -  25 
80  -  100 
80  -  100 
100  -  200 


Modulus  of 
elasticity 

kq/mm? 

7000 

19000 

7000 

125 

110 

25 

17 


Polyethylene  (LD)  100  -  200 

The  performance  of  fiber  optic  cable  core  depends 
largely  on  two  properties  of  its  protecting  mater- 
ials-namely  modulus  of  elasticity  and  thermal  coef¬ 
ficient  of  expansion.  Ideally,  the  coefficient  of 
thermal  expansion  and  contraction  of  the  composite 


Columbia,  Canada 

cable  should  be  as  low  as  that  of  glass.  Mechanical 
properties  should  be  such  as  to  protect  the  cable 
core  during  installation  and  against  the  environ¬ 
ment.  Once  the  cable  is  installed  the  main  en¬ 
vironmental  concerns  are  temperature,  water  and 
rodents.  Adequate  moisture  protection  can  be  ach¬ 
ieved  through  metal  barrier  and/or  fully  filled 
cable  core  whereas  rodent  protection  can  be  achiev¬ 
ed  only  through  steel  armouring.  The  common  pract¬ 
ice  for  designing  cable  with  both  moisture  and 
rodent  protection  is  to  jacket  a  cable  core  with 
bonded  aluminum-polyethylene  and  then  cover  with  a 
corrugated  and  longitudinally  formed  steel  tape  and 
polyethylene.  Sometimes  a  flat  steel  tape  is  heli¬ 
cally  applied  instead  of  corrugated  and  longitudin¬ 
ally  formed  steel  tape.  The  corrugation  or  helical 
taping  is  done  to  increase  the  flexibility  of  cable 
especially  for  large  diameter  cables  commonly  found 
in  copper  cable.  This  type  of  moisture  and  rodent 
protection  not  only  increases  the  diameter  and  the 
weight  of  the  cable  but  also  decreases  the  strength 
to  weight  ratio  and  increases  the  thermal  coeffic¬ 
ient  of  expansion. 

A  single  bonded  steel  and  polyethylene  jacket  can 
provide  all  the  advantages  of  bonded  aluminum  and 
polyethylene  as  well  as  the  corrugated  steel  and 
polyethylene  jacket  and  still  reduce  the  diameter, 
coefficient  of  thermal  expansion,  processing  costs 
and  increase  the  strength  to  weight  ratio. 

Diameter  and  Strength  to  Weight  Ratio 
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One  of  the  biggest  advantage  of  optical  fiber 
cable  is  the  smallness  of  the  glass  fiber  itself. 
Although  it  needs  sufficient  protection  the  dia¬ 
meter  of  the  packaging  need  not  necessarily  be  in¬ 
creased. 

The  omission  of  the  corrugated  steel  and  polyethy¬ 
lene  jacket  not  only  reduces  the  weight  of  the 
cable  but  also  increases  the  strength  to  weight 
ratio,  as  steel  tape  has  a  higher  modulus  of  elas¬ 
ticity  than  aluminum.  This  decrease  in  weight  and 
increase  in  strength  to  weight  ratio  is  important 
as  longer  lengths  of  optic  cable  are  manufactured 
and  installed.  Today,  a  fiber  unit  length  of  2  to 
3  km  is  a  reality  but  it  is  expected  that  in  the 
near  future  fiber  lengths  of  3  to  5  km  will  be 
avai lable. 


5  10  15  20  25 

Core  Diameter  (mm) 


Core  Diameter  (mm) 


Coefficient  of  Thermal  Expansion 


Typical  coefficient  of  thermal  expansion  for  fiber 
optic  cable  core  varies  from  1.7  to  2.6  x  10"5  cm/ 
cm/°c.  Conventional  moisture  protection  and  gopher 
protection  will  increase  this  coefficient  to  2.8  - 
3.5  x  10  ”5  cm/cm/*c.  This  means  for  every  0.1 
percent  of  contraction  or  expansion  of  the 


composite  cable  a  reduction  of  23  to  10°c  in  temp¬ 
erature  performance.  A  bonded  steel /polyethylene 
jacket  increases  this  coefficient  of  expansion  to 
1.85  x  10  '5cm/cm/*c  if  the  core  has  1.7  x  10  ‘5 
cm/cm/°c  originally  and  to  2.1  x  10  -5  cm/cm/°c  if 
the  core  has  2.6  x  10  "5  cm/cm/*c.  This  means  for 
every  0.1  percent  of  contraction  or  expansion  of 
the  composite  cable  a  deterioration  of  5°c  for  the 
cable  core  with  lower  coefficient  of  expansion  and 
improvement  of  9°c  for  cable  core  with  higher  co¬ 
efficient  of  expansion  ie.  and  average  of  18  to 
19°c  improv  uient  with  a  single  bonded  steel  / 
polyethylene  jacket. 
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Flexibility.  Crush  Resistance 

Cables  need  to  be  flexible  enough  so  that  they  can 
be  installed  easily.  Typical  bending  radii  a  cable 
undergoes  during  installation  is  the  guide  pulley 
(R  >  150  mm)  in  duct  installation  and  the  cable 
chute  of  the  plow  (R  s  400  mm)  in  direct  burial 
installations.  In  practice  the  bending  performance 
of  the  cable  is  also  characterized  by  its  ability 
to  bend  around  a  mandrel  having  radius  equal  to  10 
and  15  times  the  diameter  of  the  cable  for  static 
and  dynamic  loading  respectively. 

Two  tests  were  performed  on  the  cable  jacket  to 
determine  the  flexibility  and  bending  characteris¬ 
tics  of  the  cable.  Flexibility  (F)  is  inversely 
proportional  to  the  bending  resistance  or  stiffness 
and  can  be  determined  from  a  simple  experiment. 
Stiffness  is  a  product  of  modulus  of  elasticity  and 
moment  of  inertia.  In  other  words: 


1 

El 


* 


Since  the  weight  of  the  cable  (Pi)  is  not  enough 
to  get  a  sufficient  deflection  for  600-1000  mm 
sample  length  an  additional  weight  (Pg)  was  added 
to  the  cable  samples  P2 


3  El 


Therefore, 

......  ,  1  _  24  f  1  cnT'kg-'s- 

F(flexibility)  E1  -  -p-  3P1+8P? 

In  reality  a  cable  has  a  different  structure  than 
an  ideal  stab.  Therefore,  the  above  formual  must 
be  correct  with  a  factor  t. 


20  40  60  100 


log  (f-|/f2) 
log  ( 1 1/1 2 ) 


or  it  =  tanO 


1  (mm) 


Stiffness  or  flexibility  of  different  cable  types 
as  determined  above,  are  compared  in  the  following 
diayram. 


The  bending  properties  of  the  jacket  were  also  det¬ 
ermined  from  i  90° bend  test  over  bending  radius  of 
10  D.  The  results  are  as  follows: 


Cable  Type 

Observation 

Flat  steel  bonded  to 
polyethylene 

No  damage  for 
cycles  h  10  times 

Gopher  Protection 

The  life  of  cable  exposed  to  nature  is  often  limit¬ 
ed  by  gnawing  rodents  particularly  pocket  gophers 
and  squirrels.  Cable  in  the  field  can  experience 
significant  gopher  damages  often  as  long  as  six 
years.  Cables  smaller  than  55mm  outside  diameter 
particularly  those  under  25mm  diameter  are  easily 
attached  by  plains  gophers.  Biting  pressure  of 
1263  kg/cnr  and  an  average  of  1.5  bites  per  second 
are  quire  common.  All  these  actions  of  nature  make 
fiber  optic  cables  absolutely  vulnerable  when  in¬ 
stalled  outside. 

Tests  and  experience  have  shown  that  only  metals 
such  as  steel  or  bronze  can  give  adequate  protect¬ 
ion  against  gophers.  Single  cable  jackets  consist¬ 
ing  of  longitudinally  formed  steel  tape  and  bonded 
to  polyethylene  were  tested  for  gopher  resistance. 
Tests  were  carried  out  according  to  the  procedure 
described  in  AS&M  National  Research  and  Standards 
Vol .  9,  No.  23,  except  that  specimens  were  posit¬ 
ioned  horizontally  across  a  2  inch  square  hole. 

The  results  are  as  follows: 
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Sample 


Conclusion 


Bonded  steel/polyethylene 
Cable  O.D.  =  11  mm 
Steel  thickness  -  0.15mm 
Jacket  thickness=  1.2mm 


Damage  Category  * 

0 

1 

2 

3 

4 

5 

X 

- 

- 

9 

1 

2.1 

*  0=no  damage;  l=jacket  scratched;  2=jacket 
penetrated;  3=armour  penetrated;  4=core 
damaged;  5-  cable  severed. 


Advantages  of  fiber  optic  cable  like  smallness  and 
long  lengths  can  be  improved  by  protecting  it  with 
a  single  jacket.  A  single  jacket  composed  of 
bonded  steel  tape  and  polyethylene  also  improves 
the  temperature  performance,  strength  to  weight 
ratio  and  protects  the  core  against  moisture  in¬ 
gress  and  gopher  bites  while  at  the  same  time  it  is 
flexible  enough  for  all  installations  and  handling. 


Cable  samples  after  being  exposed 
to  Gopher  bites. 


The  typical  average  gopher  resistance  required  acc¬ 
ording  to  industry  standards  is  2.7 
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Crush  Resistance 


Crush  resistance  of  jacket  depends  very  much  on  the 
bonding  of  polyethylene  to  metal.  250mm  long 
samples  were  subjected  to  force  between  two  flat 
plates.  Force  applied  on  two  axis  show  that  if  the 
bonding  at  the  over  lap  is  poor,  the  crush  resist¬ 
ance  is  considerably  lower.  Typical  crush  resist¬ 
ance  of  different  samples  are  shown  in  the  follow¬ 
ing  diagram. 


a> 

U 

U 

o 


Deflection  (mm) 
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Summary 

Nonmetallic  optical  fiber  cat les,  due  to 
their  noninductive  character istics ,  are  highly 
suitable  for  use  in  strong  electromagnetic  fields 
such  as  in  electric  power  facilities.  However, 
conventional  nonmetallic  optical  cables  required 
improvement  of  their  tensile  strength,  waterproof¬ 
ness,  and  transmission  loss  vs.  temperature  char¬ 
acteristics  before  they  could  be  put  to  effective 
use.  This  has  now  been  accomplished  with  the 
development  of  a  new  construction  that  houses 
three-layer-coated  optical  fibers  separately  in  a 
grooved  plastic  spacer.  The  spacer  has  helical 
grooves  on  its  outer  surface  in  which  the  optical 
fibers  are  laid,  and  then  the  fibers  are  covered 
with  a  plastic  housing.  The  spacer  is  formed 
around  an  FRP  strength  member  by  direct  polyethyl¬ 
ene  extrusion  through  a  specially  shaped  rotary 
die  to  create  a  unitary  structure.  An  optical 
fiber  is  housed  in  a  slack  condition  in  the  center 
of  each  groove  by  means  of  a  new  line  speed 
control  method  which  detects  slight  groove  pitch 
changes  and  by  means  of  an  air  jet  housing  method 
that  eliminates  subjection  of  the  fiber  to  external 
forces.  Various  evaluation  tests  show  that  the  new 
cables  maintain  stable  transmission  loss  vs.  tem¬ 
perature  characteristics  over  a  wide  temperature 
range.  The  optical  fibers  receive  adequate  protec¬ 
tion  against  mechanical  forces,  and  the  addition  of 
a  waterproofing  agent  in  the  grooves  provides  the 
waterproof ness  necessary  for  outdoor  use.  Economi¬ 
cal  production  is  expected  since  the  cables  are 
light-weight  and  small  in  diameter,  thus  meeting 
the  specifications  of  small-core  optical  cables. 

v Introduction 

A  vast  range  of  applications  for  nonmetallic 
optical  fiber  cables  making  good  use  of  their 
noninductance  to  electricity,  such  as  computer 
links,  robot  control,  induction-free  observation 
and  control  in  power  plants,  and  temporary  communi¬ 
cations  for  emergency  telephones,  field  telegraphs, 
and  so  on,  can  he  expected.  However,  conventional 
types  of  nonmetallic  optical  fiber  cables  have  many 
problems  for  practical  use  such  as  high  elongation, 
low  tensile  strength,  inadequate  waterproof  prop¬ 
erties,  and  poor  temperature  stability  of  transmis¬ 
sion  loss.  Therefore,  development  of  cables  solv¬ 
ing  these  problems  has  been  desired.  The  authors 
have  developed  nonmetallic  optical  fiber  cables 
having  three-layer-coated  optical  fibers  separately 
housed  within  helical-grooves  of  a  spacer  formed 


around  an  FRP  strength  member  by  direct  polyethyl- 
v  ene  extrusion  through  a  specially  shaped  rotary 
die. . 

his  helical-grooved  spacer  structure  has  many 
advantages  for  the  optical  fibers:  it  relieves  them 
from  elongational  stxain  under  high  tension, 
increases  their  resistance  to  compressive  strain 
under  high-compressive  load,  and  mitigates  the  ef¬ 
fect  of  microbends  in  a  wide  temperature  range. 

It  is  therefore  possible  to  make  nonmetallic  opti¬ 
cal  fiber  cables  having  excellent  transmission  loss 
stability  and  long-term  reliability  wnen  subjected 
to  mechanical  force  and  large  variations  in  tem¬ 
perature.  Furthermore,  nonmetallic  optical  fiber 
cables  with  adequate  waterproof  properties  are 
easily  obtained  by  filling  the  grooves  of  the 
spacer  with  jelly  compound.  Since  the  new  cables 
contain  relatively  few  optical  fibers,  standardiza¬ 
tion  of  their  structure  is  possible,  and  thus 
economical  production  can  be  expected. 

This  paper  describes  manufacturing  techniques 
and  evaluates  the  characteristics  of  the  helical- 
grooved  plastic  spacer,  nonmetallic  optical  fiber 
cables. 

2.  Cable  Structure 

The  structures  of  the  newly  developed  non¬ 
metallic,  spacer-type  optical  fiber  cables  are 
shown  in  Table  1.  Each  cable  houses  three-layer - 
coated  optical  fibers  separately  in  a  grooved  plas¬ 
tic  spacer.  The  grooved  spacer  is  formed  by  ex¬ 
truding  polyethylene  over  the  central  FRP  strength 
member  through  a  specially  shaped  rotating  die. 

The  spacer  is  covered  with  a  plastic  outer  sheath 
after  fiber  laying. 

The  new  cables  are  classified  into  three  sizes 
containing  four  (Cable  I),  six  (Cable  II),  and 
eight  (Cable  III)  optical  fibers.  Each  size  comes 
in  both  a  jelly-filled  (JF)  type  for  outdoor  use 
and  an  air-core  (AC)  type  for  indoor  use.  Cable  TV 
is  a  self-supporting  aerial  optical  fiber  cable 
armored  with  Kevlar  ropes  around  a  4-fiber  JF-type 
Cable  I  and  then  covered  with  polyethylene.  The 
optical  fibers  housed  in  the  helical  grooves  are 
large-core  fibers  (core/cladding:  100/140pm)  or 
standard-core  fibers  (core/cladding:  50/125pm) . 

A  standard  three-layer-coated  optical  fiber, 
with  two  room- temperature-vulcan i zed  silicone  resin 
coats  (total  dia.:  0.4mm)  and  a  nylon  coat  (dia.; 
0.9mm),  is  utilized.  The  new  cables  have  excellent 
handling  (such  as  splicing)  character  is t ics  since 
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(b)  Equipment  for  housing  fibers  in  grooves 


Photo  2  New  Fiber -Laying  Device 


Figure  1  and  Photo  2  show  the  new  fiber-laying 
device.  In  the  fiber-laying  process,  the  three- 
layer-coated  optical  fibers  are  pulled  off  reels 
set  on  a  cage  rotating  at  constant  speed,  utiliz¬ 
ing  mini-capstans  fixed  to  the  cage,  and  are  fed 
into  the  grooves  by  means  of  an  air-jet  housing 
method.  Therefore,  the  optical  fibers  are  housed 
in  a  slack  condition  in  the  center  of  the  helical 
grooves  with  no  residual  strain.  The  speed  of  the 
main  capstan  is  precisely  controlled,  based  or. 
continuously  detected  signals  of  hel ical-groove 
angles  utilizing  a  pitch  detector  located  just 
before  the  assembling  ring,  so  that  the  optical 
fibers  will  be  laid  in  the  center  of  individual 
grooves  without  being  subjected  to  external  force 
resulting  from  groove-pitch  irregularities. 

The  transmission  losses  of  cabled  optical 
fibers  were  less  than  1.0  dB/km  at  long  wavelength 
(\  =  1.3pm)  and  3.0  dB/km  at  short  wavelength  (\  = 
0.85pm).  No  significant  transmission  loss  increase 
in  the  cabling  process  was  observed.  The  JF-type 
cable  can  be  easily  manufactured  by  filling  ejlly 
compound  into  the  grooves  as  the  fibers  arc*  laid. 

4 .  Character i sties 

Temperature  characteristics,  mechanical 
properties,  and  waterproof  properties  of  the  new 
JF-type  cable  were  evaluated. 

4 . 1  Temperature  characteristics 

Transmission  loss  stability  with  variation  in 
temperature  was  experimentally  evaluated  for  Cables 
I,  II,  and  III.  Transmission  loss  variation  due  to 
change  in  temperature  was  measured  utilizing  the 
continuous  monitoring  system  shown  in  Figure  2. 

The  four  optical  fibers  in  a  500m  sample  cable 
were  fusion  spliced  together  to  form  an  approxi¬ 
mately  2km-long  test  sample,  which  was  then  placed 
in  the  temper ature- test  chamber.  Fluctuation  of 
light  output  was  controlled  within  0.002dB  by 
Keeping  both  the  light  sources  (LED)  and  dummy 
fibers  (500m)  in  another  test  chamber,  in  which 
temperature  was  kept  at  a  constant  20°C.  Measur¬ 
ing  accuracy  of  the  transmission  loss  of  the 
spliced  optical  f  ibe*.  was  kept  within  0.  OldB  by- 
placing  the  optical  fiber  splices  outside  the 
chamber.  Therefore,  the  measuring  accuracy  of  the 
entire  system  was  also  within  0.01  dB.  The  tem¬ 


perature  pattern  of  the  test  chamber  was  set  at  an 
8-hr  cycle  of  -30aC  and  70°C. 

Figure  3  shows  the  transmission  loss  variation 
vs.  temperature  char acter isti.es  of  cabled  fibers. 
Figure  3(a)  compares  the  transmission-loss  varia¬ 
tion  of  the  4-fiber  Cable  I  vs.  the  6-fiber  Cable 
II  when  both  use  a  standard-core  fiber.  The  trans¬ 
mission  loss  variations  are  so  little  (within 
0.04dB/km)  that  the  spacer  is  considered  to  be 
practicable  and  free  of  significant  variations  in 
structure.  Figure  3(b)  shows  the  transmission  loss 
variations  of  a  Cable  III  using  a  laiao-cuie  Liin-r 
in  comparison  with  a  Cable  III  using  a  stanuaiu- 
core  fiber.  In  the  higher  temperature  range,  the 
transmission  loss  increase  of  the  large-core  fiber 
(less  than  0.03dB/km)  was  slightly  less  than  that 
of  the  standard-core  fiber.  This  is  presumed  to 
result  from  the  difference  in  microbending  effect 
between  the  fibers.  The  modulus  of  elasticity  in 
bending  of  the  large-core  fiber  was  larger  than 
that  of  the  standard-core  fiber.  Therefore,  micto- 
bending  of  the  large-core  fiber  was  less  than  that 
of  the  standard-core  fiber.  Figure  3(c)  compares 
the  transmission  loss  variation  for  long  (l.JK.m) 
vs.  short  (0.85pm)  wavelengths  Lor  the  standard- 
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(d)  temperature  cycle  pattern 


core  fiber  housed  in  a  JF-type  Cable  III.  The 
transmission  loss  increases  when  the  temperature 
changes  from  70°C  to  -30°C.  The  increases  in 
transmission  loss  for  both  long  and  short  wave- 
lengtns  were  small:  0.035dB/km  and  0.025dB/km, 
respectively.  It  can  be  recognized  from  Figure  3(a) 
and  Figure  3(b)  that  transmission  loss  of  the  JF- 
type  cable  is  more  stable  than  that  of  the  AC-type 
cable  in  a  wide  temperature  range  from  -30°C  to 
70°C.  The  jelly  compound  restricts  the  movement 
of  the  fiber  in  the  groove.  Therefore,  micro¬ 
bending  of  the  fiber  in  the  JF-type  cable  is  less 
than  that  in  the  AC-type  cable.  Figure  3(d)  shows 
the  temperature  cycle. 

It  is  clear  from  this  test  that  housing  the 
three-layer-coated  optical  fibers  in  the  grooves 
of  the  spacer  is  very  effective  to  diminish  micro¬ 
bending  and  that  the  transmission  loss  of  the 
housed  fiber  is  more  stable  with  temperature  than 
the  three- layer-coated  optical  fiber  itself. 

4. 2  Mechanical  properties 

The  mechanical  properties  of  the  new  cables 
were  evaluated  by  using  the  test  methods  shown  in 
Table  2.  Transmission  loss  variation  of  the  cabled 
fibers  during  the  mechanical  test  was  measured  by 
the  continuous  monitoring  system  shown  in  Figure 
4.  The  measuring  accuracy  of  this  system  was 
within  0.005dB. 


Fig.  4  Setup  for  Measuring  Transmission  Loss 
Variations 


(1)  Tension  test 

Figure  5  shows  the  transmission  loss  variation 
of  the  optical  fiber  and  the  elongation  of  the 
cable  when  tensile  load  was  applied  to  both  ends  of 
the  cable.  No  significant  increase  of  transmission 
loss  was  observed  in  any  of  the  new  cables  under 
tension  corresponding  to  1%  cable  elongation.  The 
permissible  tension  was  defined  to  be  the  tensile 
load  corresponding  to  0.5%  elongation.  The  permis¬ 
sible  tension  was  30kg  in  Cable  I,  95kg  in  Cable  II 
and  200kg  in  Cable  III.  These  values  correspond  to 
the  tensile  load  in  the  case  when  the  whole  tensile 
load  is  placed  only  on  the  FRP  (Young's  modulus: 
5500kg/mmz).  In  Cable  IV  armored  Kevlar  rope  makes 
the  cable's  resistance  to  withstand  tension  so  high 
that  the  permissible  tension  was  700kg.  The  ratio 
of  elongation  to  tension  of  Cable  IV  decreased  at 
higher  tensile  loads.  This  is  presumed  to  ue  the 
result  of  a  tension-sharing  phenomenon  between  FRP 
and  Kevlar  rope  in  a  transition  period  in  which  the 
role  of  main  tension  member  shifts  from  the  FRP  to 
the  Kevlar  rope  as  the  tension  increases. 


tension,  T(kg) 

(M  JF  type 

SCI:  st and a id -core  fiber 
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Fig.  5  Tension  Property  (C  *  3m) 
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Table  2  Mechanical  and  Waterproof  Tests 


me  t  hod 


tension  !  sample  length  : 

Measuring  length; 
tension: 


1.5  m 


to  breakpoint  ul  epoxy-putty 
i  evaluated  i terns :  transmission  loss  variation,  cable  elongation 

minimum  j  bending  diameter  :  20.  15.  10,  8.  6.  4.  x  d  (cable  0  .  D. ) 

I  bending  angle  :  360  °C 

evaluated  items:  transmission  loss  variation, 
noncircul-ar ity 


Cyclic- 

bend 


com¬ 

pression 


bending  diameter  :  10  x  d 

bending  angle  :  i180  °C 

bending  cycle  :  30  cycles 

evaluated  items:  transmission  loss  variation. 

noncircular i ty 


c ompression  board:  50  mm  square  metal  plate 
c  ompression  load:  to  1000  kg 

evaluated  items:  transmission  loss  .variation, 
_ noncircular ity  _ 


'  metal  Plata 


300  mm 

groove  direction  1 ,200  deg/m 


t  w>st  length 
t  wist  angle  : 

opposite  direction  400  deg/m 
evaluated  items:  transmission  loss  variation,  twist  torque 


twist  Cp“0  I 

[  1  !  300  mm 


f,x  \l 

TTryt^  'jj/n 


impact 


impact  energy ; 
dropping  object: 
dr  op  method  : 
evaluated  items: 


1 ,  3 ,  5  x  1  b  •  m 
25  mm  diameter  column 
different  points.  5  times 

:  K^,iyM?ilSVivFJ3,lon' 


M, 


vibration  * 


pulling-; 

on- 

mandrel  ' 


sample  length:  1  m 
vibration  amplitude:  ±5  mm 
vibration  cycle  :  10  Hz.  1  million  cycles 

evaluated  item  :  transmission  loss  variation 


Cable  l  40kg 
Cable  II  80kg 
C able  111  150kg 
Cable  IV  160kg 


penetra¬ 

tion 


sample  length :  2.5  m 

bending  length:  1.5m 
bending  diameter:  150  mmp 

tension  :  load  corresponding  to  0.5%  elongation 

bending  cycle:  30 cycles 
evaluated  items:  transmission  loss  variation, 
noncircularity 

sample  length:  1,000  mm 

initial  water  heicht:  1,200  mm 
aging  time:  24  Hrs 

evaluated  item.-  water-flow  from  cable  end 


1000  mm  tape 


1200 
mm 


dripping 


sample  length:  100  mm 

setting;  perpendicular,  24  hrs 

evaluated  item::  dripping  of  jelly  compound 


100  m  IQ  fixed  stand 


*Both  ends  of  cable  molded  with  epoxy-putty  resin 


(2)  Minimum  bending  test 

Figure  6  shows  the  relationship  between  bend¬ 
ing  diameter  and  transmission  loss  variation  of  the 
optical  fiber  and  none  it cu la r ity  of  the  cable.  The 
permissible  bending  diameter  was  defined  to  be  the 
bending  diameter  at  which  the  transmission  loss 
increase  reached  0.005  dB.  The  permissible  bending 
diameter  was  less  than  six  times  the  cable  diameter 
in  the  standard-core  fiber  and  four  times  in  the 
large-core  fiber. 


(3)  Cyclic  bending  test 

Figure  7  shows  maximum  transmission  loss 
increase  per  cycle  and  noncircularity  of  the  cable 
during  30  bending  cycles  utilizing  a  mandrel  (10 
times  the  cable  diameter).  No  significant  residual 
transmission  loss  increase  was  observed  after 
straightening  the  cable  in  each  cycle.  The  maximum 
transmission  loss  increase  was  less  than  O.OOSdB 
in  all  of  the  new  cables.  This  cable  structure 
was  thus  confirmed  to  be  very  stable  for  bending. 
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utilizing  two  metal  plates  (50mm  square).  The 
permissible  compressive  load  was  defined  to  be  the 
compressive  load  at  which  the  transmission  loss 
increase  reached  0.05  dB.  The  permissible  compres¬ 
sive  loads  of  AC-type  Cables  I,  II,  and  III  utiliz 
ing  standard-core  fibers  were  respectively  500, 

500,  and  7D0kg/50mm.  The  noncirculari ty  of  the  AC- 
type  cables  under  the  permissible  compressive  load 
was  between  10%  to  20%.  The  permissible  compres¬ 
sive  load  of  the  large-core  fiber  cable  was  remark¬ 
ably  improved  in  comparison  with  that  of  the 
standard-core  fiber  cable.  The  transmission  loss 
vs.  compressive  load  of  the  JF-type  cable  was  as 
good  as  that  of  the  AC- type  cable. 

(5)  Twist  test 

Figure  9  shows  the  effect  of  twist  angle  on 
the  transmission  loss  variation  of  the  optical 
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IdB/tt) 


twist  angle  (deg/m) 


(a)  AC  type 


-400  -  200  0  200  400  600  800  1000  1200 
twist  angle  (deg/m) 


lb)  JF  type 


Fig.  9  Twist  Property  <{  *  0.6m) 


fiber  and  twist-torque  of  the  cable.  The  transmis¬ 
sion  loss  variation  was  too  small  to  be  recognized 
in  a  wide  range  of  twist  angles,  from  1  turn/m  in 
the  opposite  groove-direction  (negative  direction) 
to  3  turns/m  in  the  groove-direction  (positive 
direction) .  Little  difference  in  transmission  loss 
vs.  twist  properties  was  recognized  among  the  vari¬ 
ous  fibers  or  cables  (AC  type  and  JF  type).  The 
helical  groove  of  the  spacer  was  thus  confirmed  to 
stably  protect  the  three-layer -coated  optical  fiber 
from  damage  caused  by  twisting. 

(6)  Impact  test 

Figure  10  shows  the  transmission  loss  varia¬ 
tion  of  the  optical  fiber  and  the  noncircularity 
of  the  cable  when  25mm-diameter  columns  with  a  mass 
of  1  lb,  3  lb,  and  5  lb  were  naturally  dropped 


(a)  AC  type 
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five  times  on  different  spots  from  lm  height.  The 
permissible  impact  energy  was  defined  to  be  the 
impact  energy  at  which  the  transmission  loss 
increased  by  0.05dB  at  the  instant  of  impact  and 
no  residual  transmission  loss  was  recognizable . 

The  permissible  impact  energies  ot  AC-type  Cable  1, 
II,  and  111  with  standard-core  fibers  were  respec¬ 
tively  about  1  1  r  .  m ,  J  1  c •  r ,  and  i  1  i  - n. .  The  non¬ 

circular  i  ties  of  the  cables  for  these  permissible 
impact  energies  were  against  between  10*  to  20*. 

The  cabled  large-core  fiber  was  found  to  be  strong¬ 
er  against  impact  than  the  cabled  standard-core 
fiber.  The  transmission  loss  vs,  impact  property 
of  the  JF-type  cable  was  more  stable  than  that  of 
the  AC- type  cable. 

(7)  Vibration  test 

A  lm-iong  cable  was  horizontally  laid,  one 
million  cycles  of  vertical  vibration  with  an 
amplitude  of  5mm  were  applied  to  the  middle  of  the 
sample  at  1GHz.  No  significant  transmission  loss 
variation  was  observed  during  the  vibration  test. 

(8)  Pulling-on-mandrel  test 

A  2.5m-long  cable  was  bent  around  a  150mm- 
diameter  mandrel  at  90  degrees  under  tension 
corresponding  to  0.5*  elongation.  A  1.5m  section 
of  the  cable  was  then  pulled  back  and  forth  at  that 
angle  on  the  mandrel  for  30  cycles.  Figure  11 
shows  the  transmission  loss  variation  of  the  fiber 
after  each  cycle  and  the  noncircularity  of  the 
cable  at  5-cycle  intervals.  Transmission  loss 
increase  of  the  standard-core  fiber  in  the  JF-type 
cable  was  less  than  O.OldB  under  the  bending  and 
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pulling.  The  transmission  Iocs  vs.  oenciing/pui  1  mg 
property  of  the  AC-type  cable  was  better  than  that 
of  the  JF-type  cable.  The  spacer  was  thus  confirm¬ 
ed  to  protect  the  three-layer-coatea  optical  fiber 
from  the  various  stresses  of  bending,  elongation, 
and  compression  resulting  from  the  bending  and 
pulling. 

By  these  mechanical  tests,  the  spacer -type 
cable  was  found  to  be  effective  in  protecting  the 
optical  fiber  from  various  Kinds  of  external  force. 

4 . i  Waterproof  test 

The  results  of  examination  of  long-term 
reliability  of  the  JF-type  cable  were  already 
reported  11).  Waterproof  properties  of  the  JF-type 
cable  were  evaluated,  based  on  the  methods  shown 
in  Table  2. 

(1)  Water  penetration  test 

A  lm-long  cable  was  horizontally  laid. 

A  watertight  enclosure  was  placed  over  the  sheath 
at  one  end  and  filled  with  water  to  1.2m  height 
over  the  sample.  There  was  no  water  leaKage  from 
the  other  end  of  the  sample  after  24  nr s  in  any  of 
the  new  cables. 

(2)  Jelly  dripping  test 

A  10cm- long  cable  was  vertically  placed  and 
kept  at  55 CC  for  24  hrs.  Both  ends  of  the  sample 
remained  open.  There  was  no  jelly  dripping  at  all 
in  JF-type  cables. 

From  these  tests,  all  of  the  new  JF-type 
optical  cables  were  found  to  have  adequate  water¬ 
proof  properties  and  to  be  suitable  for  outdoor 
applications  such  as  aerial  use. 

5.  Conclusion 

Transmission  loss  vs.  temperature  property, 
mechanical  properties,  and  waterproof  properties 
of  newly  developed  nonmetal lie,  loose-groove 
optical  fiber  cables  were  evaluated.  The  cable 
properties  were  confirmed  to  be  satisfactory  for 
actual  use  of  the  cables.  The  new  cables  have 
many  advantages  such  as  small  si2e,  transmission 
loss  stability  under  various  mechanical  forces  and 
temperatures,  and  so  on.  A  vast  range  of  applica¬ 
tions  in  fields  where  electromagnetic  interference 
exists  can  be  expected  for  these  high-quality 
optical  fiber  cables  for  indoor  or  outdoor  use. 

The  simple  but  versatile  grooved  spacer  is  suitable 
for  cable  standardization  and  useful  for  economical 
production  of  the  small-core  optical  fiber  cable, 
especially  cables  containing  relatively  few  optical 
fibers. 
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SELF-SUPPORTING  METAL  FREE  OPTICAL  FIBRE  CABLE  FOR  LARGE  SPAN  LENGTH 


W.  Schmidt,  K.  Kimmich,  S.  Met;: 


Standard  Elektrik  Lorenz  AG,  Stuttgart,  Germany 


j  Abstract 

A  self-supporting  optical  cable  has  been 
developed  for  very  large  span  length. 

This  cable  has  an  inner  core  with  up  to 
four  optical  fibres  and  an  outer  glass 
fibre  reinforced  plastic  suspension  unit. 

A  thin  PE  sheathing  increases  the  outer 
diameter  up  to  10  mm.  This  metal  free 
cable  is  developed  for  span  length  up  to 
500  m  from  pole  to  pole.  Considering 
wind-,  ice  load  and  the  large  span  length, 
very  high  tensile  strength  is  needed. 
Tensile  strength  for  the  FRP  element  is 
more  than  50  kN,  resistance  to  vibration 
and  temperature  cycling  show  good  per¬ 
formance  in  the  cable.  The  tests  are 
carried  out  with  special  suspension 
clamps  also  used  for  the  mounting  poles. 
The  caolo  contains  up  to  four  optical 
fibres  tight  jacketed  with  PA  12;  atten¬ 
uation  values  of  3.5  dB/km  at  850  nm 
have  been  obtained  in  the  cable.  Elec¬ 
tric  utilities  will  be  main  users  of 
this  aerial  type  communication  cable  in¬ 
stalled  along  the  HT  polos. 


Introduction 

Electric  power  companies  have  a  need  for 
communication  facilities  fer  the  effec¬ 
tive  operation  of  their  own  networks.  As 
the  conventional  copper  cables  can  be  in¬ 
fluenced  by  the  high  voltage  power  lines, 
high  shortcircuit  currents  or  lightning  , 
optical  fibre  cables  get  more  and  more 
interest  oecause  of  their  interference 
immunity . 

The  low  attenuation  high  capacity  of 
transmission  is  an  other  attractive  ad¬ 
vantage  of  the  optical  fibre.  Of  special 
interest  is  the  use  of  fibres  in  high 
voltage  overhead  linos  inside  a  metal 
free  self-supporting  optical  communi¬ 
cation  cable.  The  cable  must  be  able  to 
bridge  span  length  up  to  500  m  from  pole 
to  pole  and  to  withstand  wind  and  ice 
load.  These  cables  are  very  economical 
for  the  electric  power  companies  because 
of  the  use  of  the  existing  poles,  and  to 


avoid  structrual  work  below  ground  level. 


Cable  design 


Known  designs 


Messenger  wire:  In  this  common  type  of 
cable  the  wire  is  installed  firsttit 
could  be  identical  with  the  earth  con¬ 
ductor)  ,  and  t:ien  the  optical  cable  is 
lashed  onto  the-  messenger  wire. The  wire 
consists  of  stranded  steel  ropes,  and 
the  optical  cable  can  be  a  normal  type 
without  extra  strengthening  elements. (1) 
Fig.  1. 

Figure  Eight;  In  principle  the  same  de¬ 
sign  as  the  messenger  wire,  but  the  sup¬ 
porting  element  is  coupled  together  with 
a  common  PE  plastic  sheath.  The  suppor¬ 
ting  element  can  be  a  steel  wire  or  a 
Kevlar  element  (1).  This  cable  is  only 
used  for  short  span  length.  Fig.  2. 

Combined  Cable:  In  the  axis  of  a  metal 
conductor  the  optical  section  is  inte¬ 
grated.  The  metal  elements  of  the  power 
cable  surrounding  the  optical  section 
arc  used  as  the  supporting  elements.  (2) 
Fig.  3. 

Self-supporting :  The  strength  members  of 
this  type  of  cable  are  located  in  the 
cable  axis  or  combined  with  the  cable 
jacket.  These  designs  create  problems 
for  installation  with  the  clamps  and  the 
tension  coupling  of  all  elements.  (3) 

Fig.  4. 

N'ew  construction 

The  decision  was  made  to  take  a  self- 
supporting  cable  and  a  metal  free  version 
with  an  outer  strength  member.  Fig.  5. 

The  outer  strength  element  should  be  able 
to  be  gripped  by  installation  clamps  and 
keep  the  core  free  of  tension.  The  cable 
core  contains  two  optical  fibres.  Those 
fibres  are  graded  index  fibres  with  a 
core  of  50  urn  and  a  cladding  of  125  urn, 

NA  -  0.2.  Above  the  soft  silicone  buffer 
as  a  primary  coating  is  the  tight  Nylon 
jacketing.  These  fibres  are  all  temper- 
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ature  tested  in  cycles  from  room  temper¬ 
ature  down  to  minus  40  degrees  centi¬ 
grade  and  up  to  70  degrees  centigrade. 


The  two  coated  fibres  are  stranded  to¬ 
gether  with  two  fillers  in  a  short  pitch 
and  taped  with  a  thin  tape.  A  layer  of 
glass  rovings  stranded  with  very  long 
pitch  is  used  as  a  cushion.  The  cable 
core  is  covered  with  two  more  tapes  of 
a  diameter  of  about  3.0  mm.  The  FRP 
strength  member  has  an  outer  diameter 
of  8  mm.  This  is  needed  to  get  the  cross 
section  for  the  44  mm2  to  withstand  the 
long  span  length.  A  final  polyethylene 
sheath  of  one  millimeter  thickness  on 
the  FRP  gives  a  protection  against  UV- 
radiation  and  corrosive  gases.  The  con¬ 
struction  of  this  cable  is  so  designed 
that  the  inner  cable  core  can  move  in 
the  FRP  pipe  and  slip  on  the  glass  fil¬ 
aments  during  temperature  changes. 


The  data  of  this  cable  are  the  followings 


-  outer  diameter  with  PE  sheath 


10  mm 


outer  diameter  of  RP  8  mm 

inner  diameter  of  RP  3  mm 

weight  with  sheathing  0.1  kg/m 

supporting  cross  section  44  mm2 

Young's  modul  (E-modul)  55000  N/mm 
breaking  load  (clamps)  55  kN 

thermal  expansion  , 

coefficient  0.7-  10  /“C 

minimum  bending  radius  60  cm 

typical  manufacturing  length  2000  m 


Cable  fabrication 


This  special  designed  cable  needs  some 
fabrication  steps  as  stranding , buff ering , 
FRP-laying  and  sheathing.  But  this  metal 
free  version  compared  with  a  metal  cable 
is  easier  to  handle  because  there  is  no 
need  for  shield  and  steel  armouring.  One 
of  the  problems  during  cable  production 
is  the  slow  stranding  speed  due  to  the 
very  short  pitch  and  the  small  cable 
diameter.  All  fibres  are  secondary  coated 
with  Nylon  12  and  on-line  proof  tested 
with  5  N  over  the  full  length  during 
extrusion  process.  For  the  stranding  of 
the  elements  a  special  machine  with  sen¬ 
sitive  brakes  is  used.  It  is  important 
to  have  the  same  back  load  on  each  fibre 
or  filler  especially  if  th«.  to  is  no  cen¬ 
tral  element. 

In  the  second  step  12  thin  glass  rovings 
are  stranded  in  a  long  lay  length  with 
the  same  machine  around  the  four  ele¬ 
ments.  Two  thin  tapes  are  wound  around 
the  rovings  for  closing  the  cable  core 
to  the  FRP  strength  element. 

The  load  supporting  part  of  the  cable  is 
produced  in  a  special  developed  process. 


where  glass  strengthening  fibres  satu¬ 
rated  with  polyester  resin  are  put  around 
the  cable  core.  The  hardened  resin  gives 
a  relatively  stiff  behaviour  to  the  cabis 
which,  however,  is  an  advantage  in  its 
later  environment.  The  cable  can  be  wound 
on  the  drum  with  a  core  diameter  of  120  cm. 
The  sheathing  process  is  made  on  a  con¬ 
ventional  cable  sheath  machine.  For  uni¬ 
form  running  through  the  cross  head  of 
the  extruder  the  brake  of  the  pay  off 
drum  has  to  be  put  on  very  hard,  and  a 
special  caterpiller  for  calming  the  cable 
under  tension  has  to  be  put  between  cap¬ 
stan  and  cross  head.  With  these  arrange¬ 
ments  the  1  mm  wall  thickness  of  the  PE- 
sheathing  can  be  extruded  smoothly  on 
the  FRP. 


Measurements 


The  fibres  used  for  fabrication  length 
are  selected  by  the  temperature  cycling 
test  (-  40  “C  <  <  70  °C)  .  Only  fibres 

with  an  attenuation  change  of  ^a<0.5  dB/km 
are  considered  suitable.  During  fabri¬ 
cation  process,  the  fibre  loss  is  meas¬ 
ured  in  each  cabling  step.  The  measure¬ 
ment  is  done  by  means  of  the  backscatter 
technique,  whereby  not  only  the  amount 
of  the  attenuation,  but  also  its  possible 
faults  and  irregularities  over  the  pro¬ 
duction  length  can  be  detected.  In  pro¬ 
duction  lengths  up  to  2000  m  the  follow¬ 
ing  measurement  results  were  achieved: 


fi 

prim. coated 

bre 

second. coated 

cab 

stranded 

le 

sheathed 

2.2  dB/km 

2.5  dB/km 

2.8  dB/km 

3.2  dB/km 

Mean  values  of  fibre  loss  in  different 
production  steps. 

Special  tests 


In  order  to  check  the  temperature  behav¬ 
ior  in  the  final  cable,  a  temperature 
cycling  test  was  carried  out.  For  this 
purpose  a  cable  length  of  890  m  was  spoo¬ 
led  on  a  wooden  drum  with  a  core  dia¬ 
meter  of  120  cm.  The  temperature  cyc¬ 
ling  program  was  the  same  as  applied 
for  the  fibres.  Beginning  with  room  tem¬ 
perature  of  +  20  °C,  the  cable  was  cool¬ 
ed  down  to  -  40  °C,  whereby  the  temper¬ 
ature  equilibrium  was  checked  by  opti¬ 
cal  transmission  of  a  fibre.  After  going 
back  to  +  20  °C,  the  cable  was  warmed  up 
to  +  70  °C  and  then  the  cycle  was  fin- 
isched  at  +  20  °C.  The  whole  temperature 
program  was  carried  out  in  a  large  tem¬ 
perature  chamber  and  tested  over  a  pe¬ 
riod  of  some  ten  days.  A  typical  course 
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of  the  temperature  behaviour  of  the 
cable  is  shown  in  Fig.  6. 

Cable  accessories  and  environmental  tests 

It  was  not  intended  to  develop  new  cable 
accessories  for  installation,  rather  to 
rely  as  much  as  possible  on  approved  - 
maybe  slightly  modified  -  conventional 
types . 

Tensile  forces  which  have  to  be  applied 
at  certain  poles  are  taken  up  by  dead¬ 
end  clamps  made  of  preformed  rods,  where¬ 
as  suspension  of  the  cable  can  be  accom¬ 
plished  by  similar  preformed  rods.  Both 
types  of  accessories  are  made  of  corro¬ 
sion-resistant  materials,  are  field  moun¬ 
table  and  easy  to  handle  without  any  tool. 
As  a  pre-requisite  for  field  installa¬ 
tion  mechanical  tests  described  below 
have  been  performed  where  both  accesso¬ 
ries  and  the  cable  have  been  tested. 

-  Tensile  load  test  (short  term) 

Slowly  increasing  pulling  stress  has 
been  applied  to  dead-end  clamps  at 
both  ends  of  10m  cable  samples. 

Result:  breaking  load  >  50  kN  (  10 
samples) . 

-  Tensile  load  test  (long  term) 


on  top  of  the  poles.  Parameters  like 
varying  pulling  speed  (10  ...  30  m/min) 
and  tension,  also  pulling  jerks  up  to 
5  kN  have  been  introduced  which,  accor¬ 
ding  to  the  hired  specialist,  will  never 
be  exceeded  in  real  field  installations. 
For  cable  jointing,  which  is  being  done 
3-5  m  above  ground,  a  water-tight  splice 
housing  was  developed  consisting  of  two 
Al-half  shells.  Cable  inlet  and  outlet 
are  at  the  same  side  of  the  housing 
which  is  mounted  in  such  a  way  that  they 
are  directed  toward  the  top  of  the  pole. 
Splicing  of  the  fibres  is  performed  by 
arc  fusion. 

Field  installation  for  an 

electrical  utility  company 

A  4.4  km  link  bet-  ’en  two  switching 
stations  has  been  installed  on  a  220  kv 
HT  line  supported  by  11  poles  with  max. 
span  length  of  385  m.  A  typical  pole  con¬ 
struction  and  the  position  of  the  aerial 
cable  within  the  shaft  is  shown  in  Fig.  9. 
The  sag  of  the  optical  cable  is  smaller 
(<t*2.5%)  than  that  of  the  HV  conductors 
and  calculated  such  as  to  avoid  clashing 
in  case  of  lateral  swinging  by  wind. 
Typical  parameters  of  the  385  m  span  are: 


Constant  stress  of  various  degree  has 
been  applied  on  3  m  samples  with  dead¬ 

Temperature  °C 

sag/m 

tensile  strength/N 

end  clamps. 

-  20 

7.9 

3020 

Result:  No  material  fatigue  at  70  %  of 

+  20 

8.7 

2780 

breaking  load  (35  kN)  with  2  samples 
after  1  year  period. 

+  40 

9.0 

2670 

-  Vibration  test 

30  m  cable  samples  fitted  at  both  ends 
with  dead-end  clamps  and  in  between 
with  a  suspension  clamp  have  been  sub¬ 
jected  to  vibrations  under  the  follow¬ 
ing  conditions: 
tensile  load  10  kN 
vibration  frequency  22  Hz 
(resulting  in  standing  waves  with 
3  knots) 

oscillation  angle  -  30'  , 

number  of  vibrations  -  25  x  10° 
(typical  number  during  lifetime  in  ex¬ 
cess  of  20  years) . 

During  this  test  light  transmission 
through  the  fibres  was  monitored  and 
no  fibre  break  occured.  The  cable  was 
then  inspected  for  mechanical  flaws 
which,  however,  were  not  observed.  Sub- 


with  vertical  ice  loading  (0.6  kg/m)  and, 
lateral  wind  loading  (0.5  kg/m)  accor¬ 
ding  to  VDE-regulations .  The  longest 
cable  section  bridging  5  poles  was  1426m, 
the  shortest  280  m  between  two  adjacent 
poles . Installation  was  smoothly  without 
problems  and  to  the  satisfaction  of  the 
workers . 

Overall  link  attenuation  after  splicing 
is  17.3  dB  and  17.7  dB,  respectively. 
Optical  characteristic  will  now  be  moni¬ 
tored  for  half  a  year,  before  a  PCM  30 
system  (2Mb/s)  will  be  connected  by  mid 
1983. 

Conclusion 

It  has  been  shown  that  a  metal  free 


sequent  tensile  tests  showed  unchanged 
performance  with  respect  to  unstressed 
samples  (i.e.  breaking  load  50  kN) . 

-  Installation  test 

The  cable  has  been  pulled  between  3 
poles  across  two  50  m  spans  using 
conventional  equipment,  i.e.  force- 
and  speed  controlled  winch.  Cable  grip 
with  swivel,  drum  with  breaking  shoe 
and  wheels  of  80  cm  O.D.  positioned 


optical  fibre  cable  can  be  constructed 
and  fabricated  which  is  capable  to  bridge 
very  long  span  length  at  high  tensile 
forces.  Attenuation  and  dispersion  values 
show  very  suitable  results  for  appli¬ 
cations  at  electrical  utility  companies. 
Regarding  the  transmission  character¬ 
istics  this  all - dielectric  design  makes 
full  use  of  the  specific  fibre  advan¬ 
tages,  i.e.  non-interference.  From  the 
installation  point  of  view  this  cable 
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is  easy  to  handle  due  to  its  low  weight, 
small  dimensions,  which  also  results  in 
small  additional  loading  on  the  poles. 
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DESIGN'm’aND  PERFORMANCE  OF  A  KILLED, 
high-fibsr-count,  MULTIMODE  OPTICAL  CABLE 
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L.  D.  Tate,  and  R.  Sabia 


Bell  Laboratories 
2000  Northeast  Expressway 
Norcross,  Georgia 


Abstract 

In  order  to  avoid  the  use  of  pres¬ 
surization  in  optical  fiber  cables,  a 
filled,  waLer-blocking  optical  fiber  cable 
was  developed.  It  consists  of  a  stacked- 
ribbon  core  surrounded  by  a  crossply- 
remforced  sheath.  The  ribbon  core  is 
filled  with  a  newly  formulated  filling 
compound  which  remains  very  soft  at  tem¬ 
peratures  as  low  as  -40"F  yet  retains 
anti-slump  properties  at  high  tempera¬ 
tures.  Cables  were  made  and  tested  for 
cabling  added  loss  and  for  environmentally 
induced  added  loss  in  a  thermal  cycl ing 
mode  from  -40°F  to  190°F.  Mechanical 
tests  were  performed  to  ascertain  the 
resistance  of  the  cables  to  damage  from 
impact,  bending,  and  twisting.  In  every 
manner,  the  cables  performed  on  a  par  with 
equivalent  aircore  cables  with  cabling 
added  loss  typically  0.1  dB/km.  Also, 
pneumatic-resistance  tests  proved  the 
water-blocking  capability  of  the  filling. 

r\ 

i  \ 


fiber  cable  which  reduces  trunk  outside- 
plant  maintenance  and  has  mechanical  and 
optical  performance  similar  to  equivalent 
aircore  cables. 

Optical  Cable  Design 


Design  Considerations 


The  cable  uses  a  modification  of  a 
crossjuly  sheath  described  in  an  earlier 
paper'  and  shown  in  Figure  I.  Its  re¬ 
sponse  to  tensile,  bending,  impact,  and 
twist  loads  are  well  character i zed ,  and  it 
has  performed  well  in  the  field. 
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1 ntroduct ion 

The  intrusion  of  water  into  optical 
cable  presents  two  hazards  to  reliable 
transmission.  If  the  water  freezes,  the 
ice  may  distort  fibers  next  to  it  and 
result  in  microbending  loss.1  If  the 
water  carries  in  other  contaminants,  they 
may  hasten  the  aging  of  or  /react  with 
cable  materials  and  likewise  distort  the 
cable  structure  and  induce  microbending 
loss.  One  way  of  inhibiting  water  intru¬ 
sion  is  to  pressurize  the  cable  with  dry 
air.  The  drawback  here  is  that  it  com¬ 
plicates  outside-plant  maintenance. 

Experience  with  polyethylene-insu¬ 
lated  copper  cable  has  shown  that  filling 
the  voids  between  wires  with  a  water¬ 
blocking  agent  effectively  inhibits  longi¬ 
tudinal  water  migration.  Then,  in  case  of 
a  breach  in  the  sheath,  water  intrusion  is 
limited.  In  this  paper  we  describe  a 
continuously  filled,  multimode  optical 


FIGURE  1  FIUED  UGHTGUIDE  CABLE 

Installation  and  service  conditions  of  the 
filled  version  will  be  basically  the  same 
as  those  for  the  aircore  version.  The 
considerations  that  led  to  the  stacked- 
ribbon  core  geometry  for  the  aircore  cab.e 
of  the  earlier  paper  are  still  valid, 
e.g.,  ease  of  mass  array  splicing  and 
high  spatial  efficiency.  In  the  filled 
cable,  the  remaining  room  in  the  core  is 
filled  with  an  oil-extended  rubber  which 
blocks  longitudinal  migration  of  water. 

By  its  very  nature,  fibers  in  filled 
cable  are  in  more  intimate  contact  with 
the  cable  than  in  aircore  cable.  This 
presents  both  materials  and  processing 
challenges.  Contact  forces  on  the  fibers 
are  more  pervasive  in  filled  cable  and 
this  enhances  the  potential  for  microbend¬ 
ing  loss.  To  lessen  the  contact  forces,  a 
very  soft  filling  compound  is  needed.  It 
must  remain  soft  at  the  lowest  service 
temperatures  yet  resist  flow  at 
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elevated  temperatures.  It  must  also  pro¬ 
cess  well  during  cable  manufacture.  A  new 
compound  (a  modification  of  FLEXGEL)  was 
formulated  at  Bell  Laboratories  to  meet 
these  requirements  at  low  cost  and  is 
reported  on  in  another  paper  at  this 
Symposium3.  To  further  minimize  the  in¬ 
fluence  of  even  this  very  soft  material/ 
we  used  thin-layer,  dual-coated 3  ' 14  opti¬ 
cal  fibers  which  are  currently  being  used 
in  the  Bell  System  standard  lightguide 
trunk  transmission  system,  designated 
FT3.5  The  thin  coating  is  particularly 
valuable  in  this  high-space-efficiency 
optical  cable. 


HIGH  DENSITY  POIYETHYIENS 
OUTER  SHEATH 


FIGURE  2  FIUED  CABLE  CROSS  SECTION 


Sheath  Design 

Figures  1  and  2  show  exploded  and 
cross-sectional  views  of  the  sheath  de¬ 
sign,  respectively.  The  filled  core  is 
surrounded  by  a  tube-extruded  inner  sheath 
of  goly(vinyl  chloride)  (PVC).  Over  this, 
a  polyester  tape  is  applied  which  is  in 
turn  covered  by  reinforcing  wires  and  a 
pressure-extruded,  high-density  polyethy¬ 
lene  ( HDPE )  layer.  This  sequence  of  poly¬ 
ester  tape,  reinforcing  wires,  and 
pressure-extruded  HDPE  layer  is  repeated 
to  complete  the  cable.  The  two  layers  of 
wires  have  opposite  lay  directions,  and 
their  lay  lengths  are  adjusted  to  elimi¬ 
nate  the  tendency  to  twist  under  a  tensile 
load.  This  sheath  differs  from  the  air- 
core  crossply  design  described  earlier^ 
both  in  the  elimination  of  a  thermal  wrap 
under  the  inner  sheath  and  in  the  subsitu- 
tion  of  PVC  for  HDPE  as  the  inner-sheath 
material.  Details  of  the  sheath  design 
rationale  and  its  tensile,  bend,  impact, 
and  twist  performance  are  given  in  Table 
I.  The  nominal  weight  has  increased  to  92 
lb/kft  from  the  aircore  value  of  80 
lb/kft.3  Both  weight  and  tensile  stiff¬ 
ness  will  vary  slightly  depending  on  fiber 
content . 


Property 

Value* 

Comments 

Number  of 
f ibers 

12-144 

Ribbon  structure 

Outside 

diameter 

0.48  in. 

Weight 

92  lb/kft 

Tensile 

stiffness 

1800  lb/% 

Tensile 

load 

600  lb 

Assumes  5x10" 
psi  fiber  proof- 
test  level  and 
safety  factor 

Bend  radius 

9  in . 

Includes  a 
safety  factor 

Sing le 
impact 

10  ft-lb 

0.25-inch  radius 
striking  mandrel 

Cycl ic 
impact 

400  cycles 

5  ft-lb  impact, 
0.5-inch  radius 
striking  mandrel 

Cyclic  twist 

2000  cycles 

±90"  of  twist  in 
66  in . ,  simul¬ 
taneously  rolled 
over  a  7-inch- 
diameter  pulley 

Cycle  bend 

2000  cycles 

±90°  bend  over  a 
4.9-inch  radius 

*The  criterion  for  the  ratings  is  no 
sheath  and/or  fiber  damage  at  23°C. 

Differential  Length 

The  fractional  difference  in  length 
between  unstrained  core  and  unstrained 
sheath  we  call  differential  length, 
eDlj.  If  the  core  ribbons  were  shorter 
than  the  sheath,  there  would  be  a  positive 
ribbon  strain  when  no  external  load  is 
applied  to  the  sheath.  In  such  a  case  we 
denote  col  >  0.  We  designed  this 
cable  with  eD[j  <  0  so  that  we  incur 
no  load-rating  penalty  from  built-in  fiber 
strain.  If  £Dtj  is  made  too  negative, 
transmission  characteristics  suffer  as  a 
result  of  microbending  losses  when  the 
core  ribbons  buckle  excessively  to  make  up 
for  their  excess  length.  A  variety  of 
eDL's  were  tested  to  arrive  at  a  de¬ 
sign  window.  The  cabling  loss  performance 
and  environmental  loss  performance  of  the 
cables  were  measured  using  t as  a 
parameter . 

Cable  Performance 

Cables  were  made  using  fibers  having 
a  graded-index  core  with  a  diameter  of  50 
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Mm,  a  cladding  diameter  of  125  um,  and  a  a 
»  1.3%.  Dual  coatings  were  used  having  a 
thermoplastic  primary  layer  and  a  thermo¬ 
set  secondary  layer.  Overall  coating  od 
was  approximately  0.24  mm.  The  core  of 
each  cable  contained  four  ribbons.  The 
core  is  designed  to  allow  a  maximum  of 
twelve  ribbons. 


TABLE  D 

ADDED  LOSS, 
FIBER -►CABLE 


CABLE  # 

€dl 

0.82f4m  ADDED 
LOSS  (dB/km)±0.1 

1009 

-0.01% 

0.13 

1010 

— 

-0.03% 

0.06 

1005 

-0.08% 

0.13 

Cabling  Added  Loss 

Table  II  shows  cabling  added  loss 
incurred  when  going  from  the  fiber  stage 
to  the  cabled  condition  with  differential 
length  as  a  parameter.  In  all  three  cases 
the  ribbon  is  longer  than  the  sheath  so 
that  various  degrees  of  buckling  are  pre¬ 
sent.  However,  the  performance  remains 
essentially  constant  over  the  range 
-0.08%  *  e0Ij  t  -0.01%.  That  the  mini¬ 
mum  added  loss  occurred  in  cable  41010  is 
not  considered  experimentally  significant. 

Environmental  Added  Loss 

Table  III  shows  the  environmental 
added  loss  measured  over  the  temperature 
range  from  — 40“F  to  +190"F  including  an 
extended  (720-h)  high-temperature  exposure 
at  1 90 ° F  to  simulate  aging.  In  environ¬ 
mental  testing  of  optical  cables,  the  low- 
temperature  performance  is  particularly 
notable  since  all  the  structural  compo¬ 
nents  of  the  cable  contract  more  than  the 
optical  fibers.  The  fibers  are  then  in 
compression  and  microbending  losses  tend 
to  result  from  fiber  buckling.  Further¬ 
more,  it  has  been  shown  that  polymeric 
shrinkage  from  relaxation  of  processing- 
induced  strains  (shrinkback)  can  occur  at 
elevated  service  temperatures . b  At  a 
subsequent  low-temperature  exposure,  the 
mechanical  effects  of  thermal  contraction 


TABLE  m 


ENVIRONMENTAL  ADDED  LOSS 
(dB/kmH±0.05) 


TEMP. 

(°F) 

RUL  #  l«Dl) 

#  1005 
(-008%) 

#  1009 
(-0.01%) 

#  1010 

(-0.03%) 

#  1010 

(—0.03%) 

(TEST  POSITION) 

(FtOOR) 

(FLOOR) 

(FLOOR) 

(REEL) 

75  (REFERENCE) 

0 

0 

0 

0 

-40 

0.10 

0.11 

— 

0.14 

0.12 

+15 

-0.03 

-0.0) 

-0.0) 

-0.06 

75 

-0.01 

-0.03 

-0.04 

-0  06 

190  (AFTER  720  hr.) 

0.03 

0.08 

0.06 

-0.01 

75 

-0.04 

0  00 

-0.03 

-0  10 

-40 

0.26 

0.23 

0.38 

0.17 

+15 

-0.01 

0.02 

0.05 

-0.08 

75 

-  - - - -  -  - 

-0.06 

-0.01 

-0.01 

-0.05 
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and  shrinkback  are  additive  and  result  in 
a  severe  but  realistic  test  of  the  trans¬ 
mission  stability  of  the  cable. 

To  be  able  to  distinguish  between  the 
effect  of  thermal  contraction  and  the 
effect  of  combined  thermal  contraction  and 
shrinkback,  we  cycled  the  cables  as  shown 
in  Table  III.  An  initial  low  temperature 
excursion  to  -40°F  and  +  15°F  checked  sole¬ 
ly  the  response  to  thermal  contraction. 
After  aging  at  190”?  for  30  days,  the 
second  set  at  -40°F  and  +  1S°F  measured  the 
response  to  combined  thermal  contraction 
and  shrinkback.  All  exposures  other  than 
the  one  at  +190°F  were  for  two  days. 

The  cables  shown  on  Table  III  are  the 
same  three  as  in  Table  II  except  that 
cable  #1010  was  cut  into  two  0.5-km  sec¬ 
tions.  The  samples  on  the  floor  in  three- 
meter-diameter  loops  were  able  to  respond 
fully  to  thermal  dimensional  changes  while 
the  one  on  the  reel  was  relatively  con¬ 
strained.  In  any  field  environment,  there 
is  always  some  constraint  on  dimensional 
changes  imposed  by  either  the  messenger 
wire  in  aerial  installations  or  friction 
from  the  duct  or  earth  in  underground  and 
buried  installations.  Therefore,  the  reel 
response  may  be  considered  indicative  of 
field  performance  at  the  respective  tem¬ 
peratures.  The  floor  response,  though 
unreal ist ical ly  severe  in  terms  of  in- 
service  effects,  provides  us  with  an 
enhanced  sensitivity  for  comparing  one 
cable  to  another. 

The  most  severe  response  came  when 
the  effects  of  maximum  thermal  contraction 
and  shrinkback  were  simultaneous,  at.  the 
second  -40'>F  exposure.  We  view  this  tem¬ 
perature  as  an  extreme  minimum  for  aerial 
plant  while  the  +  15*F  level  is  representa¬ 
tive  of  an  extreme  minimum  temperature  for 
underground  and  buried  plant.  No  experi¬ 
mentally  significant  change  is  seen  for 
any  of  the  samples  at  +  15"F  either  before 
or  after  aging. 

Fluid  Migration 

In  order  to  expedite  testing  of  the 
water-blocking  ability  of  the  cable  fill¬ 
ing,  a  low-pressure  pneumatic-resistance 
test  is  employed.  Two  psi  of  air  is 
applied  to  the  core  at  one  end  of  a  30-cm 
length.  In  the  many  such  samples  tested, 
no  air  has  evolved  from  the  core  at  the 
other  end.  When  one  considers  the  dif¬ 
ference  in  viscosity  between  water  and  air 
and  the  average  hydrostatic  pressure  gra¬ 
dients  one  may  expect  from  elevation  var¬ 
iations,  successfully  passing  this  test 
implies  resistance  to  long  term,  pressure- 
driven  water  migration.  Furthermore,  the 
almost  100%  fill  essentially  prevents  any 
possible  deleterious  effects  of  capillary 


water  transport  by  eliminating  places 
where  water  may  accumulate. 

Summary 

We  have  described  the  design  and 
performance  of  a  filled,  high-fiber-count 
multimode  optical  cable.  This  design,  an 
outgrowth  of  an  earlier  aircore  crossply 
design,  is  being  used  in  the  Bell  System 
standard  FT3  lightguide  trunk  transmission 
system.  It  performs  optically  and  mechan¬ 
ically  on  a  par  with  the  aircore  crossply 
design  over  the  entire  outside  plant  ther¬ 
mal  environment.  Its  water-blocking  capa¬ 
bility  reduces  trunk  outside  plant 
maintenance . 
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Flexible  telecommunication  cables  and  jumper  wires 
are  packed  and  formed  as  multipaired  units  in 
switching  and  main-repeater  stations. 

Due  to  high  values  of  electronic  equipment,  tele¬ 
communications  systems  and  buildings,  the  following 
properties  are  required  in  case  of  fire: 

-all  cable  and  wire  components  contain  nohaloqens 
-no  flame  propagation,  self  extinction,  no  dripping 
-  low  smoke  density,  reduced  toxicity,  calorific 
values- 

Electrical  and  mechanical  properties  are  to  be 
similar  to  PVC  cables  on  the  whole. 

The  approach  discussed  here  makes  use  of  non-cross- 
1  inked,  thermoplastic  materials  which  can  be  pro¬ 
cessed  in  existing,  conventional  extrusion  lines 
economically. 

The  new  thermoplastics  are  suitable  for  insulation 
and  sheathing,  as  a  substitute  for  some  plastics. 
Typical  and  standardized  cable  designs  and  their 
properties  are  shown. 


Introduction 


Outbreaks  of  fire  in  telecommunications  systems 
are  on  the  increase  since  many  years.  In  accordance 
with  the  state  of  technical  development,  these 
systems  are  wired-up  with  PVC-insulated  cables 
and  conductors.  Damage  compensations  paid  out  to 
commercial  policy  holders  by  the  fire  insurance 
companies  have  increased  by  a  factor  of  about  four 
during  the  last  10  years'  .  Secondary  damage  is 
greater  by  a  factor  of  10  to  20  compared  with  the 
primary  fire  damage,  usually  caused  by  the  pre¬ 
sence  of  PVC . 

In  a  fire,  one  kilogram  of  PVC  can  discharge  the 
same  quantity  of  hydrogen  chloride  'o  the  environ¬ 
ment,  as  is  contained  in  a  liter  of  hydrochloric 
acid. 

In  Switzerland,  the  statistical  average  amount  of 
damage  compensation  paid  out  by  the  insurance  com¬ 
panies  amounts  to  about  66  DM  per  year  per  head  of 
the  population2. 


Modified  PVC  materials  designed  for  reduced  release 
of  HCI ,  were  unable  to  achieve  any  significant  so¬ 
lution  . 

But  the  problem  was  fixed  at  the  first  attempt  by 
the  development  of  flame -retard ant  crosslmked  ma¬ 
terials  which  do  not  contain  halogens.  This  first 
generation  of  halogen-free  f lame-retardant  cross- 
linked  cables  was  introduced  in  1980  s’‘,s* . 

The  cross 1  inked  (f lame-retardant ,  halogen-free,  in¬ 
sulation  materials  show  some  disadvantages  compared 
with  the  conventional  thermoplastic  materials 
(which,  however,  drip,  burn  and/or  release  corro¬ 
sive  gases  in  the  case  of  fire),  such  as:  larger 
diameter,  more  difficult  insulation,  low-contrast 
color  coding  and  considerably  higher  manufacturing 
costs. 

A  second  generation  of  halogen-free  cables  and  con¬ 
ductors  was  reported  at  the  IWCS  1980*''.  These  used 
non -cross! inked,  now  thermoplastic  materials  with 
flame-retardant  properties.  In  the  case  of  fire, 
these  materials  do  not  drip,  produce  almost  no 
smoke  and  they  pass  the  stringent  fire -test a. There¬ 
fore  thermoplastic  halogen-free  materials  have  been 
promoted  to  serial  production,  with  a  whole  range 
of  new  cable  designs  resulting  therefrom. 

The  further  development  of  this  new  generation  of 
cables  is  presented  here.  As  far  as  the  properties 
of  the  insulation  and  sheath  materials  are  con¬ 
cerned,  these  new  cables  are  at  least  equal  to  con¬ 
ventional  cables  in  performance.  The  materials 
concerned  are  non-cross) inked  and  can  be  extruded 
by  conventional  means. 

Tasks  and  Requirements 


The  increasing  packing  density  in  switching  static,...-, 
are  continually  being  reduced  m  size,  aggravates 
the  potential  danger  of  PVC  fires,  so  that  the  de¬ 
sires  for  telecommunications  systems  -ire  summed-up 
as  follows: 

"Low  cost  wiring  material  with  no  drip  or  ha¬ 
logen  release  in  the  case  of  fire.  It  should 
not  propagate  flame  and  must  itself  extin¬ 
guish.  The  flame  density  must  be  low.  The 
electrical  performance  and  installation  pro¬ 
cedure  should  differ  as  little  as  possible 
from  that  of  previous  material." 
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jodun-s,  i.o.  t  avoid  the-  use  of  rrossl inking  or 
ont-rqy  sources  ihiqh -energy  rad  i. at  l on,  therms] 

<  -  rto  r  g  y ,  vu„  c  ir.  i ?. a t  l  on  > . 

Ihe  materials  wore-  required  to  bo  similar  to  thor- 
n*  cl  is?  ics  such  as  P VC  or  polyethylene  ( flume -re - 
Turiant  ),  i.o.  appr-  -ximatol  y  equivalent  elect!  ical 
tv  r  r  or  mance  was  called  tor ,  w  1 1  h  1  -aw  t  ox  ir '  t  y  and 
no  release  -*f  coi  r..;sive  q.ises . 

The  ;xyqer.  index  is  a  measure  f.-r  the  flame  ret ar - 
-1  moy  and  so i  f  qu.- nrh • . iq .  It  should  lie  ir.  the  re- 
di-'n  -?  30'..  for  insulation  et  conductors  inn  a:  und 
•in'  :  .,r  cable  she  it  h  materials. 


The:  m.  .p;  -;>.t  i  -  y, it  .  r  i  i s 

S;  :  ir  -a  It  os*  oxriuri‘.*oi\  pr  i  yet  hy  lone  ina  r  \'  T  h  ave 
beer,  used  t  o:  st  mdardizod  ind  ir.sta  lint  1  on 

o  at  1  es .  Keren  t  i  y  new  t  he  r  m< :  p  1  as  t  i  c  t  1  amo  -  re  t  a  r  dan  t 
:;i  v.  on  1 1  s  h -  iv<? •  been  l  r.  *  r  xiu< *ed  f >r  h a  i  oqon - r  roe 
ciblos,  apar^  r  r  -m  cross  1  ir.ke-i  materials  1,14 

Particularly  the  insulation  materials  haw  been 
improved  m  * he  me  int  ir>  ■ .  A  whole  r  inae  of  such 
ma t  r  i  a  1  s  h  as  be.  *n  os ♦ .  ifc ;  i  .^hed  . 

ib: os  1  and  2  list  the  chief  pr  'pertios  of  those 
materials,  which  are-  mainly  based  ..•n  special  flaine- 
rer  ard.ant  compounds  d  poly-lof  ines  or  ethylene- 
copolymers  with  aluminium  hvdr  oxides ,  which  ro  le ase 
water  when  ex  post'd  t  fire: 

Wall  insulations 

-  HXFR :  cross  linked  compounds  which  are  referenced 

here  for  comparison. 

-  HFP.-2  i POAH )  is  a  group  -t  thermoplastic  mate¬ 
rials  with  high  performance  electrical  charac¬ 
teristics,  for  use  as  insulation  wall  of  cable 
conductors. (Types  A  ind  R ) 

-  HFR-3  (POAH)  is  a  thermoplastic  material  with 
electrical  character ist ics  similar  to  PVC,  but 
with  improved  behaviour  m  the  case  of  fire  and 
enhanced  emergency  duty  capability  (circuit  in¬ 
tegrity  ) . 

-  HFR-4  PPOnod.  )  is  a  m-dif led  poJ yphenyl ene  ox ide 


Tab>  1 

H,;  n*  .  Flame  Ret  ,r-i  »n-  Ir.suici  a.  "0  •  :  . 


Ft  .pi -r ties  ir. 
case  cf  fir. 
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,  HFR-2 

OFF  -  -  !  HP? -4 

r-i^i"-  M.t.rid  Jx-roah! 

1  RGAH 
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index  j  1 

Vi  ' 

4  5  !  ■ 
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>  4 
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'  8<  "V  1  7  hr  )  pH  1 

b  -nduct  lvitv  uS'Cm-1  <  4  ’ 
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b.  £1  onq  a  t  i  on  m  i  n  s'  | 

Rv -terg  :  on  af  t  .  7d/80  ^  ' 

1 

1  7(i 

J 

-rr,  j  1  . 

Flame  Tt  st  1  F.C  , 

nass-o 

"V  20  191  KG12  1  F' 

VDi .  04  72  Flame  A  j  7  '  ! 
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Calorific  Vilue  M1T-*  ,  25 

1  =6  ;  /:  n 

;pmp<.:r  “.'  ur<-  Rat  ina  j 

’.T.E  0303  125  000  hrsj  1 

L70  J  6"T 

xd-Kr  ip -Test 

-15 

V  1  urn.:-  Re  -  Q  •  cm 

si  st  iv.  tv  a*  2u  C 

70°: 
90cr 

ilO1- 

illV‘ 

1 

il0l  1  j  MO1  1 
^io*  *  :  ii-y 1  s 
i  - 

ilO1  b 

Sl  'V  2 

:  ivl>  -t!  ii-  '.instant 

20  V 
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,  i 

4  |  o 

2  ,  c 

T icier t  r ic 

Ix*ss  Fictor  BOO  C 

7  Ci  r 

i 

! 

0,05  j  0,07 

0.01 

'i-tis:  1  )  Winding  ttst  past'd  at  1  day 

/)  ibst  result  v  in  able  depending  on  con¬ 
duct  *r  diameter  and  wall  thickness: 
or  l  *  l  c«i  1  in  thf  r  an  go  '  f  0 , 3  -0 , 5  mr 

F.xpi  an  at  i  'ns :  H  -  rial  'ov-n  free 

FF  =  Flame  Retardant 

>:  -  Or  mss  linked 

POAH  --  r  ‘ 1  yo  1  e  f  i  nc  ope  1 .  -  A 1  -  H\,d  r  r  x  i  do 
PPG  =  Polyphenylene  Oxide 


ihe  table  ^  compares  the  thermopl as t ic  non-cross- 
1  inked  cc>mpound  HM2  with  a  crosslmked  c .am pound 
HXM.11  . 

Hie  behaviour  of  the  new  t hermoplast ics  in  a  fire 
is  at  least  as  qood  as  that  of  crosslmked  mate¬ 
rials,  but  cables  with  sensitive  internal  structure 
made  of  polyethylene  can  be  sheathed  therewith  with¬ 
out  suffering  thermal  damage  as  would  be  the  case 
with  thermal  vulcanization,  for  example  CV  (con- 
1 1 rtious  vu  1  can  iza t  ion  } . 

In  the  meantime  the  thermoplastic  compound  typeHM? 
has  been  proved  satisfactory  also  for  electric  pow¬ 
er  cable  constructions  with  XL-PE  or  FPR  insulation. 
HM-2  has  also  been  used  for  accessories  such  as 
sleeves . 

A  range  of  new  telecom  cables  which  pass  severe 
flame  tests  have  been  success!  u l ly  constructed  with 
HM-2.  Itiese  do  not  drip  and  produce  little  smoke 
in  fire. 
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Table  2 

'Ihormuplu.-st  ac,  Highly  Flame*  Retardant 
C.xnpnund  HM2  t  >r  Sheathing 
i  Tjmp.tr  ed  wuh  Ct  oss  1  inked  H.\'T 


•Yopert  les  in  case 
fire 

HXM1  j 

HM2 

j 

Basic  Mitel l  u 

X-POAH  | 

POAH 

Oxygen  Index  %  ; 

40 

1 _ _ 

Haluqen  %  i 

0 

Pyi  o  1  ysis  s’r  oduct  s  ^  | 

i  nOh  ~*C  l  2  hr  > 

>  4 

>4 

Conduc  t  i  v  1 1  y  ^  ^  \  1 
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<  4<) 

!V"m1o  Strenath  ..  ,  ■ 
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!  7-9 

[  /-8  _ 
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80 
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^  50  %  (on  Cable  ) 

•v  100 
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22 

l  71 

Unoke  Density  '"'ll  Cable 
optical  TV.st  Integrated  m 
Oven  Test  VUE  04/2/ $406  C  i  | 

v  10 

<  lo 

Cold-Ki  ap-’Ibst  | 

«  12.5  mm 

-15 

-10 

Elongation  at  -15'  C 

vu  j 

SIM 

1 

Explanations:  H  -  Hulugont'rue.  highly  liamo  te- 
t  ardar.t ,  b.  >sed  on  t’OAH 
X  =  Cross!  inked 
M  -  tor  Sheathing 


Cable  Constructions 

Hal  nqen -fret-  cables  have  been  come  into  use  ir.  elec¬ 
tric  mains  systems  as: 

o  indoor  installation  cables,  as  an  equal  perfor¬ 
mance  substitute  tor  conventional  standard  types 
(national  specification1*  >■ 

o  special  cables  for  cei  tain  specif  ic  appl  icat  ions 

The  letter  "H"  (for  halogen-free)  in  the  cable  de¬ 
signation  guarantees  that  this  cable  meets  the  test 
conditions  of  German  industrial  standards11*11  and 
that  it  has  the  followinq  properties  with  respect 
to  fire: 

halogen-free,  non-dripping,  little  smoke,- 
almost  toxicologically  harmless 

Fig.l  shows  some  halogen-free  cables  wi t h  'improved 
characteristics  in  the  case  of  tire",  conforming  to 
the  standard  types  range  of  specification  VDE  0815 
(draft).  Ihey  are  manufactured  usinq  thermopl ust  lc 
material  and  show  the  following  features,  among 
others : 

(T)  I-HH  10x2x0,6,  star-quad  with  unit  stranding, 
ring  marking;  installation  cable  up  to  100  con¬ 
ductor  pairs.  No  metallic  shield. 

(2)  I-H(St)H  10x2x0,6,  conductor  pairs  in  layer 
stranding;  installation  cables  up  to  100  con¬ 
ductor  pairs.  Static  metallic  shield. 

(T)  IE-LiH(St)H  8x2x0, 5  mm2  ,  conductor  pairs  in  unit 
stranding,  8  conductor  colours  in  each  unit, 
bunched  conductors,  as  electronic  installation 


cables  up  to  80  conduct  or  pairs .  St  at  lo  m<-».il:i" 
shie-id. 

(4)  IE-H(St)  8x?x0, 8,  conductor  pairs  in  ur.lt  s*r  tr. 
ding,  b  conductor  colours  m  each  unit,  solid 
copper  conductors,  as  eU-ctronic  t .os *  illation 
cables  up  to  80  conductor  pairs.  St  at  it;  metallic 
shield . 


Fig.  1 

flame- retardant  h-il-xien-i  ree  st-oiad  carles 

Fig. 2  shows  some  speci  il  cables  for  part icular 
applications.Sc  tar  these  cables  have  n-t  brer, 
type -standardized,  but  with  their  "impr-ved  ch  »- 
racter  1st  ics  in  the  case-  •  irr  "  *hey  tu'.'.y 
'-•nr  to  the-  requirement  s  ot  the-  specific  it  i  -r.lJ,“. 


If 


flame-retardant  haloqen-freo  special  cables 


Tbo  cable  sheath  made  ot  POAH  compound  < HM2 )  is 
common  to  all  these  special  cables.  In  all  cases 
the  insulation  of  the  cable  core  consists  of  halo- 
qen-tree  material,  but  has  been  selected  to  suit 
the  particular  application. 
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Feat ures : 

0  1-2YH  10x2x0,6,  star -quads  in  bunch  stranding 
with  polyethylene  wall  insulation.  No  metallic 
shield.  Intended  as  high  performance  signal 
transmission  installation  cables,  e.g.for  radio 
frequency  signals. 

(?)  IF-HCH  4x2x0, 8  in  pair  stranding.  Multicolour 
ring  marking.  Intended  as  comput er  system  cabl e.s 
with  copper  wire  braiding  shield. 

©  Coaxial  cable  similar  to  RG62  (MIL).  Hose/heli- 
c a 1  cons  t  rue  t ion . 

(4)  POM  distribution  cable,  60  double  conductors  in 
star-quad  stranding  in  units,  colour  coding 
according  to  P7T  standard,  polyethylene  conduc¬ 
tor  -wall -insulation. 

©  AJ-PLDHH  50x2x1.4  F,  as  trackside  long-distance 
cable  for  underground  railway  sections.  Conduc¬ 
tors  with  paper  insulation.  Corrugated  aluminium 
sheath  with  halogen-free  fill  mixture  and  POAH 
layer  sheath. 

this  cable  passes  a  3  hour  emergency  running 
test  (circuit  integrity)  according  to 15  . 

©  I-HH(St )H  7x2x1,4/84x2x0,8  Bd  as  data  /  tele¬ 
communications  cable  for  mains  protection  sys¬ 
tems  . 


Electrical  Data 


The  electrical  rind  transmission  performance  data 
m  normal  operating  condition  correspond  to  those 
of  conventional  cables,  with  a  tendency  to  be  even 
better . 

Installation  procedure 


Soldering  operations  are  greatly  faci litated.be- 
cause  the  higher  thermal st  ibL  1  it y  of  t  the  conductor 
insulation  avoids  thermoplast ic  melting  due  to  ther¬ 
mal  conduction  of  the  copper  conductor  during  sol¬ 
dering  operations.  Stripping  techniques  followed 
by  cold  contacting  (e.g.  wire  wrap  and  termi point 
techniques)  are  possible  in  separate  procedure 
steps:  stripping  first,  then  contact  establishment. 
Combined  work  procedures  still  require  modification 
by  the  US  equipment  manufacturers. 

Press-contact inq  procedures  by  piercing  through  the 
insulation  sheath  are  possible  usinq  currently  cus¬ 
tomary  methods. 


Behaviour  in  the  case  of  tire 


Tbsts  carried  out  on  single  conductors 

The  fire  test  behaviour  of  haloqen-free  flame -re¬ 
tardant  insulation  materials  in  thin  layers  on 
connect ing  wires  and  cable  conductors  is  about  the 
same  m  principle  as  that  of  PVC  insulation,  i.e. 
.about  equivalent  flame  tests  are  passed,  but  wi th¬ 
ou  t  the  negative  secondary  otfoct  such  as  libera¬ 
tion  of  corrosive  decomposit ion  products,  genera¬ 
tion  of  smoke  or  toxic  hazards. 

As  is  already  known  from  work  with  PVC-j nsul ated 
wires,  the  results  obtained  for  flame  returdancy 
tests  on  single  conductors  depend  on  the  geometric 
dimensions,  i.e.  on  the  conductor  diameter  and  the 


insulation  layer  thickness.  This  is  true  too  for 
conductors  insulated  with  halogen-free  flame-re¬ 
tardant  materials. 

For  example,  the  test  according  to  VDF,  04  72/804 
with  test  flame  A,  or  IEC  331,  is  passed  in  thc- 
case  of  large  dimensions,  but  conductor  diameters 
less  than  0,8  mm  and  insulation  layers  thinner  than 
0,6  mm  prove  critical.  For  this  reason  it  is  contem¬ 
plated  in  WG  12  to  devise  special  tests  m  partic¬ 
ular  for  small  dimensions,  for  example  a  test 
based  on  the  draft  version  of  IEC  7C  20/191/WG12  ir; 
which  the  test  wires  are  positioned  at  an  angle  of 
60  with  the  bunsen  burner  held  at  right  angles 
thereto.  The  flame  exposure  time  is  5  seconds, 
whereby  the  burned  region  must  not  extend  as  far  as 
the  75  mm  mark  if  the  test  is  to  be  considered 
passed . 


Taking  the  testing  method  at  present  under  discus¬ 
sion,  the  results  already  presented  in  Table  1  were 
obtained.  It  is  evident  therefrom  that  these  result s 
do  not  depend  directly  on  LOT. 


The  behaviour  of  bunched  telecommunications  con- 
duc tors  t owards  fire 


Thick  vertical  or  horizontal  bunches  of  conductors 
are  present  in  telecommunications  switching  stations. 
Each  individual  conductor  consists  only  of  a  copper 
conductor  surrounded  by  an  insulation  sheath.  Such 
bunches  of  conductors  lack  the  common  protective 
sheath  which  provides  additional  fire  resistance 
for  a  cable.  Non-sheathed  bunches  of  conductors  are 
found  as  patching  trunks  or  as  cable  ends  from 
which  the  sheath  has  been  stripped  ot  f  t  c  permit  3i>- 
ti  i  but  ion  of  the  individual  core  conduct  or s  ontos-.  1- 
dering  t  «gst. rips, wiring  harness  or  other  term  .devices . 

In  switching  stations  these  unprotected  conductors 
are  exposed  to  the  same  fire  conditions  as  the  ca¬ 
bles.  Thus  the  fire  behaviour  of  various  conductor 
types  has  been  investigated  in  a  shaft  furnace 
(Fig. 3). In  each 
test, lb  adjacent 
conductors  were 
exposed  to  the 
ignition  flame. 


Fig .  3  Bunched 
telccommunicat ions 
conductors  in 
shaft  furnace  test 
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"  oirrflft.aS.Ti.awr1  irras: 


POAH(  B)  =  PolyoLef ine -copolymer -alum mi umhydroxide 
POAH(A)  =  polyolef ine-copolymer-aluminiumhydroxide 
(both  material  type  HFR2 ) 

PPG  -  Polyphenylene  oxide 

Copper  conductor  diameter  -  0,8  mm 
Insulation  layer  thickness  =  0,3  mm 

Ihe  burnt  length  as  a  function  of  the  burning  time 
is  shown  in  Fig. 4  for  various  thermoplastic  con¬ 
ductor  insulation  materials.  .An  unambiguously  evi¬ 
dent  point  of  "self  extinction"  was  found  only  for 
PPO  conductor  insulation  material. 


Fig,  4 

Burnt  length  of  bunched  conductors  in  the  vertical 
shaft  furnace  test  as  a  function  of  burning  time 


Tbs t  s  on  cab 1 os ,  l nd l v id ua 1 1 y  and  bunched 

The  great  advantages  of  the  new  halogen -free  com¬ 
pounds,  in  particular  the  t hermoplast ic  ones,  om- 
parod  with  PE,  PVC  and  halogen -con t aining  el a  to- 
mers,  are  clearly  manifest  in  fire  tests  carr  ed 
out  on  cables.  This  is  true  for  tests  made  on  sin¬ 
gle  cables  with  the  Bunsen  burner  ( IEC  332; 

VDE  04  72/804,  test  type*  A  or  Pi  as  well  as  in  par¬ 
ticular  for  the  grouped  o>nf  igurat  ions  (I  EKE- 383, 
and  m  the  vertical  shaft  turnace  tost  accordinq 
to  VDE  0472  Tirt  804,  test  type  Cl. 

Ihe  new  thermoplastic  materials  pass  such  severe 
tests  even  under  difficult  conditions  (such  as 
certain  const rurt  ions  with  non-r  Eim* • -ref  ardant  in¬ 
sulation  materials  based  on  PE,  XEPE  or  EPR), 
whereas  PVC-msul  a  ted  cables  do  n-  t  pass  these  tests 
rand  liberate  large  amounts  of  smoke  and  corrosive 
gas  when  exposed  to  fire. 

The  test  results  are  shown  in  I'ablv  3. 


3 


Stnoke  Density 

‘lb  determine  the  smoke  density'  produced  in  t.he  com¬ 
bust  ion  test,  a  photometric  measure-men t  is  carried 
out  above  the  shaft  furnace  (VDE  U4 72/804/C )  accord¬ 
ing  to  Fig. 5,  in  the  exhaust  air  flue,  "his  proce¬ 
dure  has  been  defimed  in  a  factory  specif  icat  lun u. 
An  international  spacii icat ion  is  under  considera¬ 
tion.  Ihe  readings  obtained  by  this  methed  (per¬ 
centage  light  transmission)  show  good  reproducibi¬ 
lity  when  the  airflow  rate  is  held  constant.  .Ambient 
light,  does  not  interfere17. 


Kki  .  A 


.Siiokc-  density  d<t  t  rminat  iwn  on  the  vertical  shaft 
fu  rriact- 
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Fiq.n  shows  t  ho  smoko  density  .is  i  runcti«»nof  tunr, 
recorded  for  a  PVC-insulated  cable  anti  tor  antqual 
per  f  ortranee  ha  1  >oqon-f  rot1  oablo . 


Fig,  tj 

Smoke  density  as  a  function  of  t  imt-  during  the 
com  bus 1 1 on  test 

Non-corrosive  nature  of  the  combustion  gases 

Halogen -free  materials  must  not  release  any  corro¬ 
sive  gases  when  they  are  exposed  to  fire.  This  is 
verified  according  to  VDE10'*  by  exposing  the  ma¬ 
terials  to  800  °C  temperature  in  a  current  of  air. 
The  pH-value  must  not  drop  below  4  in  this  test, 
and  the  electrical  conductivity  must  not  rise  above 
100  uS/cm.  This  requires  that  the  materials  shall 
not  contain  any  appreciable  amounts  of  sulphur, 
phosphorus  or  nitrogen  compounds  which  form  acid 
or  otherwise  corrosive  decomposition  products  when 
exposed  to  fire. 

Low  toxicity 

Hot  combustion  gases  are  always  deleterious  for 
lung  respiration.  As  far  as  cooled  combustion  gas¬ 
es  present  in  a  room  are  concerned,  it  is  important 
to  avoid  or  at  least  greatly  reduce  toxic  compo¬ 
nents.  By  virtue  of  the  freedom  from  halogen  com¬ 
pounds,  caustic  components  are  missinq  in  the  com¬ 
bustion  gases.  In  the  case  ot  smouldering  fires, 
carbon  monoxide  also  requires  special  attention  as 
possibly  produced  toxic  component.  Production  of 
carbon  monoxide  is  reduced  to  a  minimum  for  the 
cc >mpounds  with  metal  hydroxides. 

Pyrolysis  products  are  generated  at  600  X  m  a  pro¬ 
cedure  which  has  been  standardized  according  to 
DIN*  and  they  are  checked  according  to  DIN*’.  Very 
direct  assessments  are  possible  on  the  basis  of  bio- 
loqical  tests  carried  out  by  a  medical  research  in¬ 
stitute1*,  in  which  the  survival  of  test  animals  was 
observed  by  monitoring  certain  physiological  para¬ 


meters  (percentage  of  carboxyhaomoglobin  in  the 
blood),  'these  neutral  test  results  now  exist  for 
»he  indoor  .'abb  s  discussed  in  this  pap  r  .trdo-r- 
1 1 f  y  for  t  he i r  n<  q  1 lg l bl o  toxic  risk. 

hi <r t  r  i c  » i  t  r  in sm \ ss i  on  per f ormance  during  f  i  amc- 
expnsur  - 


For  electric  power  cables,  various  specifications 
define  functional  integrity  in  the  case  of  fire  as 
“capability  of  sust  ur.-mg  an  applied  voltage  be¬ 
tween  t  hv  cable  conductors’*.  This  feature  of  "in¬ 
sulation  conserv'd  ion "  correspondents  to  the  actual 
f  unr t  i  on  a  1  t  ask  c t  an  el  oct  r  ic  power  cable  . 

Ind.  : r  *- unmur. l ~  a*  ions  system  cables,  however ,  must 
satisfy  a  more  diversified  rang*  -.f  expect  ed  nr*  r- 
t  e  rm  •  regu  i  remen  r.  s ,  such  as : 

o  PielfCtric  strength  greater  than  60  Volts  con- 
duct^r  c. inductor  (exchange  battery  circuit, 
cal  ling  current  ■ 

o  Insulation  resistance  bet ween  conductors  at 
Least  10  kOhms  «  n  ’>n-di  versi  -»r.  of  the  microphone 
encrqizing  current  i 

c  Crosstalk-at tenuat ion  t voice  circuit  integrity) 
for  PCM  :  about  ?n  dB 

for  mil' <7  signals:  ,-ibnut  5(|  dP 

■  Increase  of  1  j m  at  t  enua t  i  ->n  f  act  or  l ess  t  h or. 

a  (IB 

Fulfilment  of  these  or  similar  reqirements  over  a 
given  period  of  time  (70  minutes  contemplated  as 
standard,  but  7  hours  also  being  considered)  is 
.actually  reqired  only  frr  c-*nrur.  icat  ions  cables 
with  emergency  running  specj i  i« ■  jt  i ons  (circuit  m- 
t  eqr 1 1  y ) . 

The  st  r id  i!  d  i q  indoor  installation  cables  presen¬ 
ted  in  this  paper  do  not  have  any  const rurt  i an.il 
features  which  guarantee  particular  emergency  run¬ 
ning  times.  Nevorthioss,  these  cables  have  some 
"inherent  emergency  running  character ist ics"  in 
accordance  with  the  use  of  suitable  materials. 

The  evaluation  of  10  combust  ion  tests  (VPK  04 “7 
804/Test  c)  on  cable  type  I-HfSt.  )H  8x7x0, 8  with 
POAH  material  (see  above, "Cable  Const ruct ions”  ) 
showed,  that  73,5%  of  the  conductor  pairs  were 
still  functioning  after  20  minutes  flame  exposure. 

Fire  Ballast 

In  interior  installations  Cables  run  adjacentjy  to 
horizontal  or  vortical  bunches.  The  devastating 
effects  of  cable  fires  have  been  adequately  de¬ 
scribed  in  the  published  literature.  Suitable  test 
procedures  (e.q.  VDK  0472,  Part  804)  simulate  ca¬ 
ble  bunch  fires.  By  "fuse  cord"  behaviour 9 ,  cable 
runs  ran  pmp.ag.it  e  the  fire  to  other  sect  ions  of  the 
system.  Two  mater lal -spin- 1 1  ic  causes  lead  tc*  this 
fire  behaviour: 

o  Ibe  specific  calorilic  value  of  one  liter 
(l(T)Oem'  )  of  cable  material. 

o  The  fuse  cord  effect,  i  .e.  sc  1  f -sust  .lined  li¬ 
near  propr.  oat  ion  nlonq  the  cable  after  extinc¬ 
tion  of  the  original  source  of  ignition. 
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The  fire  ballast  is  the  total  thermal  energy  con¬ 
tained  in  the  material  present  in  a  room,  which  can 
be  released  by  ignition. 

The  volume-specific  combustion  values  (specific  ca¬ 
loric  values)  for  some  thermoplastic  non  cross- 
linked  cable  insulation  materials  are  listed  in  the 
following  table  4  of  approximate  values: 


Table  4 


Abbreviated 

Material 

Designation 

Material  Type 

Used  for 

Combust  ion 
value 
MJ/1 

PF 

Polyethylene 

Conductors 

Sheath 

44 

PVC 

3olyvinylchloride 

Conductors 

Sheath 

30/27 

PPO 

todified  polyphen¬ 
ylene  oxide 

Conductors 

40 

POAH ( HFR2 ) 

Polyolefine  copo- 

Conductors 

27 

POAH(HFR3) 

lymer  aluminium 

Conductors 

22 

P0AH(HM2 ) 

hydroxide 

Sheath 

21 

Fig. 7  shows  cable  fire  ballast  values  (ttj/m)  per 
running  meter  of  a  standard  cable  type  for  indoor 
installation  which  has  80  conductor  pairs  and  star 
quad  bunched  stranding.  141630  values  represent  the 
total  released  thermal  energyon  completecocnbust ton 
of  one  meter  of  cable. 


Fig.  7 

Calorific  values  per  meter  of  cable  80x2x0,6 
insulation  wallthickness  0,2  mm  and  0,3  mm 
cable  type  according  to  VDE  0815  I-YY  resp.  I-HH 


The  classical  cable  insulation  materials  PE  and  PVC 
have  been  included  in  the  diagram  for  comparison. 
From  this  diagram  it  is  evident  that  various  choi¬ 
ces  of  materials  with  the  specified  volume-speci f ic 
combustion  values,  the  fire  ballast  values  for  the 
complete  cable  can  range  from  3  to  8  Ml/m. 

The  technically  most  appropriate  and  the  lowest 
cost  version  are  emphasized  in  Fig. 7. 

Fig.  8  shows  the  cable  fire  ballast  values  per  me¬ 
ter  for  the  various  number  of  conductor  pairs, from 
these  standardized  cable  tyoes  I-YY  and  i-HH. 


Fig.  8 

Calorific  values  per  meter  of  cable  for  various 
number  of  conductor  pairs  according  to  VDE  0815 
cabletype:  1-YY  and  I-HH  (non-haloqenated  I  . 

Combustion  factor 

The  halogen-free  safety  cables  discussed  in  this 
paper  are  difficult  to  burn,  by  definition.  In 
other  words,  they  are  sol  f  -quenching  when  no  lon¬ 
ger  exposed  to  combust  ion-sustaming  f  ire.  They 
pass  the  bunch  test  in  the  furnace  with  ribbon 
burner  according  to  VDE  0472. 

PVC  cables  are  completely  burnt -out  alter  a  few 
minutes.  Burning  mater’ al  flows  down  off  PF  cables. 

In  the  case  of  halogen-tree  safety  cables,  on  the 
average  2/3  of  the  upper  combustion  test  length  is 
still  undamaged  by  fire  after  20  minutes  test  du- 
rat ion . 

For  calculating  the  fictivc  fire  ballast  of  cert  ain 
room  volume,  a  distinction  must  be  made  between: 

a)  the  sun  of  the  calculated  potential  fire 
bal  last  const  ri but  ions  (according  to  Fig. 8  1, 
and 

b)  the  total  thermal  energy  which  can  be  released 
in  a  rea 1  situation  by  fire  i  qn  1 1  l  an . 
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lb  determine  the  actually  releasable  thermal  ener¬ 
gy,  the  potential  cable  fire  ballast  values  must 
be  multplied  by  so-called  combustion  factors  (s ) 
winch  are  less  than  or  at  most  equal  to  one. 

Combustion  factor  for: 

PVC  and  PE  cables  s  =  1 

H  cables  in  vertical  runs  s~  0.3  to  0,6 

H  cables  in  horizontal  runs  s~  0.1  to  0.3 

Vertical  positioning  of  cable  bunches  leads  to  the 
more  serious  conditions  in  the  case  of  fire.  Ihe 
thermal  energy  of  the  external  supporting  fire  and 
the  initiated  local  cable  combustion  ballast  are 
additive  in  this  case.  Ihe  total  heat  rises  and 
flows  around  the  higher  cable  sections,  so  that  the 
cable  extinguishes  at  greater  distance  from  *-he 
source  of  ignition,  than  in  the  ci.se  of  horizontal 
cable  positioning. 


Behaviour  in  moisture  mvironmcnt 


Hie  specifications  for  indoor  installation  tele¬ 
communications  cables  (VDE  0815/1982)  call  for 
different  conductor  insulation  and  cable  sheath  ma¬ 
terials  according  to  the  nature  of  the  operating 
location  environment: 


'!his  classification  according  to  the  operational 
environment  (A,  B  and  C)  is  conditioned  by  the 
property  of  the  utilized  plastic  material,  to  ab¬ 
sorb  and  pa.ss-t  rough  water  vapour  from  the  imme¬ 
diate  environment ,  i.e.  by  the  fact  that  moisture 
can  perineatot hrouqh  the  cable  sheath  into  the  core 
of  the  cable. 


Water  vapour  pormeat  ion  measurement  s  carried  out  on 
membrane-type  films  as  well  as  on  complete  cable 
sheaths  for  various  installation  materials,  have 
led  to  the  following  typical  results  in  mutual 
agreement . 


Material 

PF, 

PVC 

"ha logon -f ree" 

water  vapour 
permeabi  1  it  y 

23 

33 

times  the 
diffusion  rate 

fhrestrictcd  installation  buried  in  the  ground, 
with  undefined  environmental  moisture,  can  be  . 
ehiovod  in  cable  engineering  only  by  using  metallic 
barriers  for  water  vapour  (aluminium  layer  sheath, 
corrugated  metal  sheath, etc .) .  In  such  const  ruct  ions, 
intimate  union  between  the  metallic  layer  and  the 
overlying  plastic  sheath  is  always  achieved  by 
suitable  choice  of  sheath  material  and  manut actunng 
technique.  Oily  by  this  means  is  it  possible  to  ob¬ 
tain  the  required  moisture  exclusion  factor  of  200 
or  greater,  as  compaired  to  solid  PE-sheath. 

Ttie  same  technique  as  for  PE  can  be  used  for  extru- 
dable  non-crossl inked  halogen-free  cable  sheath 
material  of  the  kind  described  above.  In  this  man¬ 
ner  it  is  possible  to  manufacture  halogen-free  ca¬ 
bles  on  conventional  sheathing  plant.  The  moisture 
exclusion  factor  of  these  cables  is  at  least  200. 

Halogen-free  cables  with  high  moisture  exclusion 
factors  are  installed  in  industrial  plant  where  the 
individual  builings  are  scattered  over  the  factory 
premises  and  the  halogen-free  indoor  cables  can  al¬ 
so  be  buried  underground  for  direct  mutual  link-up 
of  the  various  stations  without  numerous  transition 
s'eeves  for  a  system  using  separate  indoor  and  un¬ 
derground  cables . 

Moistureexclusion  factors  of  at  least  one  thousand 
are  achieved  in  practice.  Such  halogen-free  indoor 
cables  are  fully  equivalent  to  normal  underground 
cables  with  regard  to  prevention  of  watei  permeat ion . 


Fig.  ') 

measuring  arrangement  "Moisture  Exclusion  Factor1 


The  integrated  aluminium  layer  sheath  ,  idvant agoous- 
ly  enhances  the  inherent  emergency  lunrunj  beha¬ 
viour  to  give  longer  emergency  running  times  in  the 
case  ot  I  ire. 
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Manufacturing 

The  new  cable  materials  can  be  processed  in  con¬ 
ventional  extrusion  lines  (15  to  25  D,  with  water¬ 
cooling  through)  as  customarily  used  for  PVC  and  PE. 

No  plant  capital  investments  are  necessary  fcr  vul¬ 
canization  and  crosslinking,  such  as  boilers  for 
CV- lines.  The  absence  of  such  work  steps  saves  ener¬ 
gy  (such  as  high  pressure  steam). 

It  is  a  distinct  advantage  that  typical  telecommu¬ 
nications  cables  cores  with  their  many  thinly  insui 
lated  conductors  do  not  need  to  be  exposed  to  the 
heat  and  pressure  stresses  resulting  from  sheath 
vulcanisation  processes.  Thus  high-performance  or 
special  cable  cores  with  PE,  cellular  PE,  foam  skin 
PE,  fused  discs,  etc.  as  required  for  PCM,  carrier 
frequency  or  coaxial  cables  for  indoor  purposes, 
can  be  protected  too  by  highly  flame-retardant 
sheaths  without  impairing  their  geometry  and  signal 
transmission  performance. 

Radiation-induced  crosslinking  of  the  protective 
sheath  material  is  a  procedure  which  is  used  occa¬ 
sionally.  Such  irradiation  is  not  required  for  the 
new  cables  discussed  in  this  paper.  This  constitu¬ 
tes  a  further  cost  saving  factor  because  equipment 
for  generating  high  energy  radiation  is  not  re¬ 
quired. 

The  costs  for  -tossI  inking  activators  and  cross  I  ink¬ 
ing  agents  ire  avoided  too.  Powerful  drives  are  re¬ 
quired  for  processing  on  the  extruder  plants.  The 
screws  should  produce  a  low  compression. 

Optimization  of  the  screw  design  is  recommended  for 
best  extrusion  quality  and  high  ejection  rates.  For 
specific  requirements,  special  low  compression  two- 
zone  screws  have  been  developed'*  . 


Fi ^Ids  of  Application  for  Cables 

The  generic  term  "indoor"  refers  to  enclosed  re¬ 
gions  in  general,  for  which  escape  of  combustion 
products  is  restricted,  i.e.  this  term  is  not  limi¬ 
ted  to  bui  ldinqs. 


Indoor  instal iat ions  are  involved  for  the  following 
applications: 


Application  fields 

Utilizer 

Commercial  and  in¬ 
dustrial 

Power  stations,  hospitals ,  ware¬ 
houses,  electronic  data  proces- 
j  sinq  stations,  telecommunica¬ 
tions  centers 

Publ ic 

Department  stores ,  mul t istorey 
bui  ldinqs,  hotels,  theatres, 
railways 

rrnf  f  ic 

1  Railways 

.'h  i  ps 

Merchant  and  naval  surface 

1  vessels,  submarines,  offshore 
instal lat ions 

Application  fit* Ids 

Uti  lizer 

'IUnnels 

Underground  railways,  traffic 
control  inst  all  at  ions 

(Jhderground  mining 

Vent i ] at  ion  shaf t  s,  f eed  shaf  t  s, 
mining  safety  msal  1  at  ions,  ore 
and  cable  mining 

Tbwers 

Transmitter  towers,  airport  con- 
j  t  rol  t  owers 

Ha  1 oqon - f  roe  sa  f e  t  y 

cables  are  now  being  used  pro- 

dominantly  in  the  application  fields  listed  above, 
where  staff  safety  requirements  are  an  important 
factor  and  a  high  concent  rat  ion  <>f  equipment  value 
exists. 


c.  >ncl  usions 

Halogen-free  safety  cables  for  indoor  telecommuni- 
cat ion  systems  are  now  past  the  stage  of  pri¬ 
mary  development  .  They  have  been  standardized  in  a 
first  national  specification.  In  order  not  to  hin¬ 
der  further  technological  advances  .and  fulfilment 
of  economic  requirements  in  this  field,  the  stan¬ 
dard  specification  has  deliberately  not  yet  stipu¬ 
lated  the  material  type  and  is  so  far  confined  to 
a  general  i  ramework  of  safety  .and  signal  transmission 
performance  requirements.  These  general  require¬ 
ments  can  be  fulfilled: 

o  CP  the  one  hand  by  using  crosslinked  materials 
of  the  first  generation 

o  Ch  the  other  hand  by  usinq  the  newer  second  ge¬ 
neration  non -cross  1  inked  t  hermopl.ist  ic  materials. 

In  this  report  the  "second  generation  material"  has 
been  discussed  with  respect  to  its  suitibility  for 
standardized  indoor  cables,  standard  spec! f icat ion 
cables  have  been  realized  therewith  which  pass  se¬ 
vere  fire  tests,  do  not  drip  in  the  case  of  fire, 
are  selr -quenching  and  produce  little  smoke  and  no 
halogen  compounds  in  the  combustion  smoke.  They  in¬ 
volve  negligible  toxic  risk  and  their  electrical 
performance  is  at  least  equal  to  that  of  convent  10- 
nal  cables.  Since  no  crosslmking  process  steps  are 
required  during  manufacture,  the  improved  economic 
consideration  for  these  cables  are  .mother  factor 
promoting  their  extensive  use.  This  is  another  con¬ 
tribution  towards  improved  safety  in  the  "plastics 
age". 

flcknowl edgemen  t  s 

The  authors  wish  to  express  their  thanks  for  and  to 
acknowledge t ho  eontribut  ion  made  by  Mr.P.Ivanty, 
Mr.W.Muno,  Mr ,D. S.Parmar  in  the  development  of 
these  new  thermoplastic  compounds  and  the  special 
screws  for  extrusion  of  these  materials.  CXir  thanks 
arc  also  due  to  Mr.G.Hoq  for  his  work  in  dosiqninq 
and  testing  t  he  cabl es . 


International  Wire  &  Cable  Symposium  Proceedings  1982 


409 


References 

1.  Journ.il  "Spiegel"  N’t  .  1/1981 

2.  Guzwiller,  M.  "Brands lcherhoi t  :  Risikobeurtei- 
lung  lm  Kunststof  t  bet  nob"  Swiss  Plastics, 

4  (1982  >,  Mr.  15 

3.  Mayer,  H.A.,  Hiq,  G.  "New  Generation  of  Monha  1  o- 
gon  itod,  Flame  Retardant  Compounds  and  Cables" 
Proceedings  ot  the  29th  IWe'S,  Cherry  Hill, 

Nov ,  1 980 

4.  same  authors,  AEG-KAPEL-Mlt  teilunqen  3/1981 

5.  Mayer,  H.A.  "Material  Conception  for  Haloqenfree 
Cables" 

Coodecke,  H.  "rt-siqn  of  Haloqenfree  Cables" 
Symposium  H.ius  der  IVvhnik,  Essen  26. Ok 1. 1980 

6.  Harbor’  ,  H.  "Now  Flame  Retardant  Haloqenfree 
Cables  for  Nuclear  Power  Plants"  29th  IhCS, 
Cherry  Hill,  Nov. 1980 

7.  De  Munok,  Bury,  Simpson,  IVvoldero :  "A  New, Non- 
halcqonatod,  Flame  Retardant  Wire  Insulation 
Rased  on  Polyphenylene  Oxide" 

29th  IWCR,  Cherry  Hill,  Nov.  1980 

8.  German  St andnrd  PIN  53  43b,  1979,  Part  1  and  2 
"Frzeuqunq  thermischer  7erset zunqsprodukt o  von 
Workstoffen  unter  Uiftzufuhr  und  lhre  toxikolo- 
qische  Prufunq" 

9.  norms,  C.P.  "Rrandtochnischo  Anforderungen  an 
elektnsche  Kabel  und  Icitungen  fur  Grubenbe- 
triefce  des  St e i nkoh 1 enberqbaus . " 

Journal  Gluckauf,  118  (19821  Nr . 1 

10.  VTF  Specif  icat  ion  0472  "Tbil  814  "Ibst  inq  of  ca¬ 
bles,  wires  and  flexible  cords;  Corrosivity  of 
combust  ton  gases" 

11.  Werknorm  AFG-KAPF1,,  SR21  6.81  +  PIN  53  437,11  .6c 

12.  VDF  Specification  0472/Tbit  804/Prufart  C 
"Tbst inq  of  cables,  wires  and  flexible  cords; 
Rehaviour  under  fire  condition" 

13.  VPF  Sprct  f  icat  ion  04 7?  "IYm  1  814  ’"TV's!  inq  of  ca¬ 
bles,  wires  and  flexible  cords;  functional  en¬ 
durance  of  electric  cables,  when  exposed  to  a 

f 1 ame-source" 

14.  Ivanfy,  13.,  Mayer ,  H.A.,  Parmar,  P.S.  :  patents 
Pend  inq 

15.  German  Standard,  PIN  410? 

16.  Etnbrodt  ,  H..T.  "Hix  l  ?  1 1  at  sprufunqen  an  Kabeln 
und  li'itunqen" 

Symposium  llaus  der  hx’hmk,  Essen,  Okt  ,1980 

17.  Gnodecke,  H.P.,  Schuppo,  W.n.  "Haloqenfreie 
Kabel  und  Icitunqen  mit  Ixesondcren  Riqenschaf t en 
lm  Brandfali."  Elekt r izi t at swirtschaf t  81 
(1987)  "1/2" 

18.  VPF  Specif icat ion  0815,  Praft,  "Wiring  cables 
for  telecommunication-  and  information  pro¬ 
cessing  systems",  Jum  198? 


H.G.  ftagefor de  is  he, ad  of  de¬ 
velopment-  and  design ma -de¬ 
partment  of  communications 
cables  sex' t  ion  in 
AFG-TEI.F.FI  1NKEN  KARELWERKE. 

He  took  his  degree  asPipi  . -Jnq. 
(high.freq.  and  electronics ) 
of  the  Tbchnical  High  School 
A.achen  .and  joined  Kabelwork 
Puisburq  in  1952. 

He  was  enqaqod  in  testing, 
qua  1  it y  control ,  engineering 
.and  insl ,il  lat  ion. 


Walter  Berchem. 

1963  he  joined  Rheimsche 
Praht-  und  Kabclwerke , K61 n , 
including  Kabel  &  Praht  Cb, 
Mannheim. 

1976  -  1980  S EL  (Koln),  main¬ 
ly  in  materials  and  technolo¬ 
gy. 

1980  he  joined  AEG-TELEFUNKFN 
KARELWERKE  as  head  oi  mat  or i a  1 s 
and  technology 


Hans  A.  Mayer. 

1951  -  1956  he  studied  indus¬ 
trial  chemistry  .and  obtained 
his  degree  as  a  Dipl. -Inq. 

He  was  than  5  years  in  the 
pi  ast ic  &  rubber  indust  ry  and 
3  years  in  the  chemical  in¬ 
dustry  as  Ik' ad  of  quality 
control  and  central  labora¬ 
tories. 

Tn  1965  he  joined  AEG- TELE  - 
FCNKEN  KABEEWERKE. 

As  Gbermq.  he  was  head  in 
R  &  P  materials  and  process 
engineering,  now  head  of  ca¬ 
ble  technical  labs. 


Add  ress : 


AEG-TEI.EFPNKKN  KABELWERKE  AKT I  ENGF.S  ELLSCH AFT 

2-14  Bonnonbroirhor  StraBc 

4050  Monrhenq 1 adbach  2,  W. -Germany 


410  International  Wire  &  Cable  Symposium  Proceedings  1982 


p  o  o  o  :>  s  7 


LARGE  SCALE  FIRE  TESTS  OF  BUILDING  RISER  CABLES 


S.  Kaufman 
J.  L.  Williams 

Bell  Laboratories 
Norcross,  Georgia 


E.  Smith 


L.  J.  Pr'/byla 


Bell  Laboratories*  Underwriters  Laboratories 
Norcross,  Georgia  Northbrook,  Illinois 
and 

Ohio  State  University 
Columbus,  Ohio 


-V 


Abstract 


The  National  Electrical  Code  requires 
that  riser  cables  have  sufficient  fire 
resistance  so  they  will  not  spread  fire 
from  floor  to  floor  in  a  shaft.  Fire 
tests  were  conducted  as  the  initial  task 
in  developing  a  test  method  for  determin¬ 
ing  compliance  with  the  Code.  The  tests 
provided  data  on  the  flame  propagation 
characteristics  of  riser  cables  in  a  simu¬ 
lated  riser  shaft,  the  design  of  which  was 
based  on  information  from  a  field  survey. 
The  data  indicated  that  with  a  large  igni¬ 
tion  source,  simulating  burning  combusti¬ 
bles  in  a  shaft  without  fire  stops,  some 
cables  propagated  fire  from  floor  to 
floor;  others,  utilizing  newer  fire  resis¬ 
tive  materials,  did  not  exhibit  the  same 
propensity  to  promulgate  fire.,- 

A- 


Introduction 


Riser  cables  have  a  potential  for 
spreading  fire  in  buildings.  In  order  to 
reduce  this  potential  to  an  acceptable 
level,  the  National  Electrical  Code1  re¬ 
quires  that  communications  cables  "in  a 
vertical  run  in  a  shaft  shall  have  a  fire- 
resistant  covering  capable  of  preventing 
the  carrying  of  fire  from  floor  to  floor." 
Although  the  intent  of  the  Code  is  quite 
clear,  the  Code  does  not  specify  the  means 
of  determining  compliance;  it  neither 
specifies  a  test  method  nor  requires 
"listing"  of  cables  by  a  recognized  test¬ 
ing  laboratory. 

In  order  to  clarify  the  Code,  the 
Telephone  Gtoup  has  proposed  the  following 
for  Section  800-3(b)  of  the  1984  National 
Electrical  Code. 


The  important  change  sought  by  this 
proposal  is  the  requirement  that  a  recog¬ 
nized  testing  laboratory  such  as  Under¬ 
writers  Laboratories  determine  that  the 
cables  do  not  spread  fire  from  floor  to 
floor.  In  order  for  Underwriters  Labora¬ 
tories  to  List  or  Classify  cables  as  meet¬ 
ing  this  requirement,  a  standardized  fire 
test  must  be  adopted.  A  program  to 
develop  a  standardized  test  has  been 
initiated.  The  program  consists  of 
several  tasks  to  develop  and  analyze 
applicable  tests  conditions  and  assess  the 
feasibility  and  need  for  the  test.  The 
initial  task  consisted  of  conducting  fire 
tests  to  provide  data  on  the  flame  propa¬ 
gation  characterist ics  of  riser  cable  in  a 
simulated  riser  shaft.  This  paper  reports 
the  data  obtained  in  carrying  out  this 
task . 


This  task  was  carried  out  in  two 
phases.  The  first  phase  consisted  of  a 
field  survey  of  telephone  cable  riser 
shafts.  A  cross  section  of  buildings 
built  from  1973-1980  in  several  geographi¬ 
cal  areas  of  the  country  were  visited  to 
determine  field  conditions  such  as  shaft 
size,  number  of  cables,  size  of  floor 
openings  and  materials  stored  in  the  riser 
closets . 

The  second  phase  consisted  of  full 
scale  fire  testing.  The  information  ob¬ 
tained  from  the  field  survey  was  used  to 
design  a  fire  test  facility  which  modeled 
a  riser  shaft  and  to  choose  typical  cable 
configurations.  The  tests  were  carried 
out  jointly  by  Bell  Laboratories  and 
Underwriters  Laboratories  at  the  fire  test 
facility  in  Bell  Laboratories,  Chester, 

New  Jersey. 


"Communications  wires  and  cables,  both 
metallic  conductor  and  optical  fiber 
types,  in  a  vertical  run  in  a  shaft 
shall  be  listed  as  having  fire-resis¬ 
tant  characteristics  capable  of  pre¬ 
venting  the  carrying  of  tire  from  floor 
to  floor." 


♦Summer  (1980)  Employee 


Field  Survey 

Bell  Labortories,  assisted  in  part  by 
Underwriters  Laboratories,  conducted  a 
survey  of  seventeen  buildings  in  Atlanta, 
Chicago,  Miami  and  New  York.  They  ranged 
in  size  from  a  4  story  library  in  Atlanta 
to  the  World  Trade  Center  in  New  York  and 
the  Sears  Tower  in  Chicago,  both  110 
stories.  The  riser  shafts  in  these  build¬ 
ings  are  a  series  of  vertically  aligned 
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rooms  connected  by  holes  or  slots  for  the 
passage  of  cable. 

Various  holes  and  slots  were  encoun¬ 
tered  (Figure  1).  Holes,  many  of  them 
fire-stopped,  were  found  in  approximately 
two-thirds  of  the  buildings.  The  slots  in 
the  remaining  third  were  usually  1  foot 
deep  by  2  feet  wide.  Fire  stopping  of  the 
slots  occurred  infrequently.  In  several 
cases  the  shaft  was  shared  with  other 
utilities.  The  typical  size  of  a  shaft 
devoted  exclusively  to  telephone  usage  was 
4  to  5  feet  by  8  to  1 0  feet.  The  number 
of  riser  cables  in  the  shaft  generally 
varied  from  1  to  5,  with  the  exception 
that  the  largest  buildings  had  up  to  12 
cables  in  a  slot.  Many  of  the  shafts  were 
used  for  storage  of  materials  such  as 
office  supplies,  Christmas  decorations, 
files  and  paint. 


FIGURE  1.  FLOOR  PENETRATIONS  -  ELONGATED  SLOT, 
REGULAR  SLOT,  4  INCH  HOLES  AND 
4  INCH  HOLES  WITH  PIPE  SLEEVES. 

Fire  Test  Facility 

A  four  by  eight  by  twelve  foot  high 
compartment  (Figure  2)  simulating  a  sec¬ 
tion  of  a  riser  shaft  was  constructed 
inside  the  Bell  Labs  large  scale  fire  test 
building.  The  compartment  had  one  by  two 
foot  slots,  one  directly  above  the  other. 
Slots  were  chosen  for  cable  penetration 
rather  than  the  more  commonly  used  holes 
because  a  large  slot  will  allow  fire  to 
propagate  from  floor  to  floor  more  readily 
than  a  small  hole.  Likewise,  fire  stops 
were  not  used.  Three  full  size  (2700 
pair)  cables  were  selected  as  a  represen¬ 
tative  cable  loading. 


A  propane  burner  was  chosen  to  simu¬ 
late  a  fire  from  stored  materials.  The 
burner  was  located  on  the  floor  of  the 
shaft  adjacent  to  the  cable  slot  (Figure 
3).  The  flow  rate  of  propane  was  adjusted 
so  that  the  ignition  fire  was  not  large 
enough  to  cause  fire  propagation  from 
floor  to  floor  in  the  absence  of  cables, 
while  it  was  large  enough  to  impose  a 
radiant  flux  sufficient  to  cause  rapid 
ignition  on  a  significant  amount  of  cable. 
Simply  put,  the  ignition  source  could  not 
be  too  large  nor  too  puny. 

Construction  Details 

The  frame  of  the  test  facility  was 
constructed  with  Unistrut®  channel  iron. 
The  corner  in  which  the  slots  are  located 
was  lined,  floor  to  ceiling,  with  high 
temperature  ceramic  fiber  insulation  board 
extending  four  feet  from  the  corner.  The 
top  four  feet  of  all  walls  were  also  lined 
with  this  board.  The  remaining  lining  was 
1/2  inch  gypsum  wall  board,  as  was  the 
four  foot  high  draft  shield  above  the 
ceiling  slab. 


FIGURE  2.  FIRE  TEST  FACILITY  -  SIMULATED  RISER  SHAFT 
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Burner 


Figure  3.  Photograph  of  the  inside  of  the 
fire  test  facility  during  a  calibration 
test.  The  ignition  source,  approximately 
four  feet  high,  is  adjacent  to  the  slot. 


A  four  by  six  foot  high  access  door 
was  put  in  the  eight  foot  side  adjoining 
the  slot.  In  the  wall  opposite  the  access 
door,  a  two  by  two  foot  Pyrex®  glass  ob¬ 
servation  window  was  installed  to  allow 
observation  of  the  fire. 

Thermocouples  were  arranged  to  mea¬ 
sure  the  temperature  of  gases  leaving  the 
compartment  through  the  upper  slot;  the 
temperature  and  temperature  distribution 
in  a  horizontal  plane  three  inches  below 
the  top  slab;  the  vertical  temperature 
distribution  along  the  center  line  of  the 
compartment;  and  the  temperature  distribu¬ 
tion  along  the  cable,  one  inch  from  the 
surface  of  the  center  cable. 

The  temperatures  of  the  gases  in  the 
slot  were  used  to  assist  in  determining  if 
flame  had  propagated  from  f loor-to-f loor . 
Temperatures  of  400°C  or  higher  were  used 
as  an  indication  of  flame  passage  through 
the  slot. 


Propane  gas  was  fed  through  a  1/2" 
pipe  ended  in  a  1/2"  pipe  elbow  with  the 
opening  pointed  to  the  center  of  a  disper¬ 
sion  plate  supported  3"  above  the  floor. 

A  propane  flow  of  O.ImVmin  at  25°C  pro¬ 
vides  a  heat  input  rate  of  approximately 
145  kW  which  is  roughly  equivalent  to  the 
average  rate  of  heat  release  of  a  20  pound 
wood  crib  over  the  first  10  minutes  after 
ignition . 

The  "steady  state"  upper  layer  tem¬ 
peratures  in  the  compartment  were  not  af¬ 
fected  by  placement  of  the  burner.  The 
burner  was  placed  adjacent  to  the  slot  as 
near  the  cable  as  possible.  Adjustment  of 
the  lower  duct  in  the  flow  opening  was 
necessary  to  eliminate  cross  flow  of  air 
in  order  to  get  a  stable,  ver t ical -r i sing 
plume.  Orientation  of  the  burner  and 
cable  was  critical  since  the  radiant  heat 
received  by  the  lower  section  of  the  cable 
was  determined  by  the  relative  position  of 
the  cable  and  plume.  Even  though  the 
cables  were  heated  by  radiant  and  convec¬ 
tive  heat  from  the  ignition  source,  flames 
from  the  ignition  source  did  not  impinge 
on  the  cable.  To  provide  a  positive  igni¬ 
tion  source  similar  to  the  small  flame 
associated  with  flying  flaming  embers  in  a 
trash  fire,  a  small  pilot  flame  was  intro¬ 
duced  to  the  surface  of  the  cable  in  the 
area  facing  the  source  fire  at  two  minutes 
after  the  source  fire  was  started. 

Selection  of  Test  Conditions 

Operating  conditions  for  full-scale 
testing  were  selected,  based  on  the 
following  considerations.  The  fire  source 
should  be:  1)  located  to  simulate  a  fire 
of  stored  materials,  i.e.,  flames  not 
impinging  on  the  cable,  but  close  enough 
that  the  radiant  heat  flux  from  the  source 
fire  will  reach  30  kw/m^  over  a  signifi¬ 
cant  area  of  each  cable  in  order  to  insure 
rapid  ignition,  2)  of  an  intensity  to 
raise  the  temperature  of  gases  coming 
through  the  upper  slot  close  to,  but  not 
exceeding,  the  flash  ignition  temperature 
of  wood,  approximately  250°C.2  When  tem¬ 
peratures  through  the  slot  exceed  250"C 
and  wood  products  are  in  the  upper  com¬ 
partment,  fire  could  spread  through  the 
slot  even  if  cable  were  absent. 

Calibration  tests  using  steel  pipe  in 
place  of  cable  showed  that  a  propane  flow 
rate  of  0.1  mi/min  meets  the  temperature 
criteria  yielding  a  temperature  of  approx¬ 
imately  230”C  of  the  gases  issuing  from 
the  upper  slot  (Figure  4).  Heat  flux 
radiometer  measurements  of  propane  flames 
of  the  size  used  here  have  shown  that  the 
radiant  heat  flux  to  adjacent  surfaces 
exceeds  30  kW,/m^. 
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The  selection  of  the  number  of  cables 
(3)  was  based  on  typical  numbers  of  cable 
found  in  the  field  study  and  the  number 
required  to  give  inter-cable  radiation 
under  fire  exposure.  A  set  of  preliminary 
tests  conducted  using  one,  two  and  three 
cables  showed  that  during  the  first  10  to 
15  minutes  when  the  initial  cable  burning 
occurred,  and  then  subsided,  the  cable's 
contribution  to  the  total  fuel  load  was 
not  of  major  significance. 

Cables  Tested 


Three  different  types  of  riser  cables 
were  used  in  these  tests:  1)  vintage  1960 
cable  with  pulp  insulated  conductors  and  a 
bonded  alvyn  sheath  that  was  state-of-the- 
art  in  fire  resistance  in  1960,  2)  vintage 
1980  cable  with  pulp  insulated  conductors 
and  a  bonded  alvyn  sheath  that  is  state- 
of-the-art  in  fire  resistance  today,  and 
3)  a  new  riser  cabled  with  flame  retardant 
plastic  insulated  conductors  and  the  same 
sheath  as  the  1980  vintage  pulp  insulated 
conductor  cable.  In  bonded  alvyn  sheath 
the  corrugated  aluminum  shield  is  adhe¬ 
sively  bonded  to  the  vinyl  (PVC)  jacket. 

Both  pulp  insulated  cables  were  full 
size  (3-1/4  inch  diameter,  2700  pairs), 
while  the  plastic  insulated  cable  con¬ 
tained  1800  pairs.  The  1960  vintage  PVC 
jacket  compound  contained  antimony  triox¬ 
ide  flame  retardant  and  had  an  oxygen 
index  of  25%.  The  1980  vintage  PVC  has  an 
oxygen  index  of  31%  and  is  similar  to  the 
compound  used  for  inside  wiring  and 
switchboard  cable  jacket.4  The  new  riser 
cable  has  a  dual  insulation  of  foamed 
polyethylene  with  a  PVC  skin  as  described 
by  Dillow  and  Dougherty. 3 

Results 


1960  Vintage  Cable 

Two  tests  on  three  5  metre  lengths  of 
cable  were  conducted  at  a  heat  input  rate 
of  approximately  145  kW.  In  approximately 
10-12  minutes  the  flame  had  propagated  the 
entire  length  of  the  cables  and  passed 
through  the  1  x  2  foot  opening  in  the  top 
of  the  test  building.  The  average  temper¬ 
atures  of  the  effluent  gases  out  the  upper 
slot  versus  time  are  illustrated  in  Figure 
4,  Temperatures  over  400°C  are  indicative 
of  flame  passing  through  the  slot. 

Three  tests  were  conducted  using  a 
heat  input  rate  of  approximately  120  kW. 

At  this  lower  rate,  two  samples  carried 
flame  through  the  opening  in  approximately 
9-12  minutes  while  the  maximum  flame 
height  on  the  third  sample  was  less  than 
nine  feet.  The  average  temperatures  of 
the  effluent  gases  versus  time  are  shown 
in  Figure  5.  Even  though  the  temperature 
trace  of  the  third  sample  terminates  at  19 


EFFLUENT  TEMPERRTURE,  1360  CHBLE 
145  kW  IGNITION  SOURCE 
FIGURE  4 


minutes,  the  test  was  conducted  for  a 
total  of  40  minutes.  Over  the  last  21 
minutes  the  temperature  remained  fairly 
constant  ( 200-240“C) , 


EFFLUENT  TEMPERRTURE,  1360  CHBLE 
180  kW  IGNITION  SOURCE 
FIGURE  5 


1980  Vintage  Cable 

A  total  of  six  tests  were  conducted 
on  this  type  of  cable  at  a  heat  input  rate 
of  145  kW.  In  five  of  the  six  tests,  the 
maximum  height  of  flame  varied  between  six 
and  ten  feet.  Anomalous  flame  travel  was 
noted  in  one  test  in  which  the  flame 
propagated  through  the  opening  (12  feet) 
and  the  effluent  gas  temperature  exceeded 
400°C.  The  typical  temperature  behavior 
(including  the  sixth  sample)  of  three  of 
these  tests  are  shown  in  Figure  6. 
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EFFLUENT  TEMPERATURE ,  1300  CABLE 
145  kH  IGNITION  SOURCE 
FIGURE  6 

Even  though  the  temperature  of  the 
effluent  gases  of  the  sixth  sample  did  not 
show  a  major  temperature  difference  from 
the  other  tests  during  the  first  30 
minutes  of  the  test,  a  review  of  the 
complete  temperature  profile  shows  that 
the  temperatures  near  the  cables  in  the 
lower  portion  of  the  fire  compartment 
during  this  test  were  400  to  500°C  hotter 
than  any  other  test.  A  review  of  the  data 
and  the  video  tapes  do  not  indicate  the 
reason  for  this  temperature  difference. 

New  Riser  Cable 

Since  the  diameter  of  this  1800  pair 
cable  was  only  2.5  inches,  four  5  metre 
lengths  of  cable  were  used  in  the  test  in 
order  to  keep  constant  the  surface  area  of 
cable  jacket  which  was  heated  by  the  igni¬ 
tion  source.  As  shown  by  the  plot  of  the 
effluent  gas  temperature  in  Figure  7,  this 
cable  performed  similarly  to  the  1980 
vintage  pulp  cable,  which  is  consistent 
with  the  cables  having  identical  sheaths. 


EFFLUENT  TEMPERATURE ,  NEW  RISER 
145  kW  IGNITION  SOURCE 
FIGURE  7 


The  test  results  for  all  cables  are 
summarized  in  Table  I. 

TABLE  I 


Heat  Release  Maximum 


Cable 

Rate  kW 

Outlet  Temp. 

(  'C) 

1960 

120 

Over 

400 

8 

min . 

Pulp 

120 

Over 

400 

10 

min , 

Riser 

120 

240 

1  1 

min . 

145 

Over 

400 

8 

min . 

145 

Over 

400 

@ 

12 

min . 

1980 

145 

270 

0 

25 

min . 

Pulp 

145 

295 

0 

27 

min . 

Riser 

145 

365 

@ 

27 

min . 

145 

Over 

400 

0 

34 

min . 

145 

250 

0 

8 

min . 

145 

345 

<3 

27 

min . 

New  Riser 

145 

335 

@ 

23 

min . 

Summary 

FUe  tests  on  riser  cables  were 
conducted  as  the  initial  task  of  a  program 
to  develop  a  standardized  test  method  for 
determining  compliance  with  the  Code.  The 
tests  provided  data  on  the  flame  propaga¬ 
tion  characteristics  of  riser  cables  in  a 
simulated  riser  shaft  without  fire  stops. 
With  an  ignition  source  that  was  large, 
but  insufficient  to  cause  propagation  of 
fire  from  floor-lo-f loot  without  cable, 
early  vintage  cable  propagated  fire  from 
f loor-to-f loor  whereas  cables  with  newer 
fire  resistant  materials  did  not  exhibit 
the  same  flame  spreading  characteristics. 

This  investigation  was  undertaken  for 
the  purpose  of  providing  information  for 
the  development  of  a  test  method,  and  has 
not  resulted  in  Classification,  Listing, 
Recognition  or  Follow-Up  Service  of  any 
product  or  material  by  Underwriters 
Laboratories. 
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Abstract 

Polypropylon  ■  although  possesing  inher¬ 
ent  mechanical  t.'.ughntss  and  a  high  crys¬ 
talline  rrltino  point,  is  generally  seen  to 
be  an  unsuitable  Material  for  an  irradiated 
cross- 1 inkable  polyolefine,  primarily 
because  of  poor  resistance  to  degradation 
of  the  polymer  by  irradiation  and  oxida- 
tigr jj 

We  have  developed  a  flame  resistant 
irradiated  cross-linked  polypropylene 
insulation. 

xThere  are  two  principal  steps  in  devel¬ 
oping  flane  resistant  irradiated  cross- 
linked  polypropylene  insulation. 

One  is  the  application  of  a  functional 
monomer  to  prevent  the  degradation  of  poly¬ 
propylene  by  radiation  dose,  the  other  is 
the  blend  of  thermoplastic  elastomer  to 
improve  the  elongation  property  of  cross- 
linked  polypropylene  .b- 

The  resultant  croes^l inked  polypropylene 
insulated  wire  meets  the  reauirements  of 
the  U.L.VW-1  flame  test  and  U.L.  rated  150 
°C  wire  specifications. 

This  insulation  is  superior  to  cross- 
linked  polyethylene  insulation  in  mechani¬ 
cal  properties  at  the  rated  temperature, 
for  instance,  tensile  strength  and  the  U.L. 
penetration  test. 

This  paper  discusses  the  flame  resistant 
polypropylene  compound  for  irradiated 
cross-linking  and  the  properties  of  its 
insulated  wire  developed  by  our  company. 


Introduction 

For  many  years  the  wire  industry  has 
worked  to  upgrade  the  high  temperature 
performance  of  low  cost  insulating  materi¬ 
als  , 

One  technique  that  has  been  developed  is 
cross-linking  by  irradiation,  such  as 
cross-linked  polyethylene  and  cross-linked 
polyvinylchrolide .  This  achievement  has 
been  generally  applied  not  only  to  hook-up 
wires  but  also  to  products  in  other  fields, 
for  example,  shrinkable  tubes  and  highly 
expanded  plastics. 

It  is  well  known  the  thermal  properties 
and  mechanical  properties  of  polymers  are 


improved  by  cross-linking. 

Recently  the  wire  industry  has  been 
required  to  upgrade  the  flane  resistance 
of  low  cost  insulating  materials  as  well 
as  mechanical  and  thermal  properties. 

For  imparting  excellent  flame  resistanec- 
to  a  polymer , large  amounts  of  flame  retard¬ 
ants  are  added  to  the  polymer  and  these 
additives  reduce  the  mechanical  properties 
of  the  insulation.  Even  cross-linked 
polymers  are  not  excluded  from  deteriora¬ 
tion  of  their  mechanical  properties  by  add¬ 
ing  flame  retardants. 

There  are  some  cases  where  cross-linked 
polyethylene  insulation  or  cross-linked 
polyvinylchrolide  insulation  while  posses¬ 
ing  excellent  flame  resistance  dose  not 
meet  the  severe  requirements  of  mechanical 
and  thermal  properties.  These  problems 
especially  occur  when  insulation  thick¬ 
ness  is  thin. 

For  this  reason  it  has  been  necessary 
to  develop  new  flame  resistant  cross- 
linked  insulations  which  have  more  excel¬ 
lent  mechanical  and  thermal  properties 
than  the  properties  of  flame  resistant 
cross-linked  polyethylene (FRXLPE)  insula¬ 
tion  or  cross-linked  polyvinylchloride 
(FRXLPVC )  insulation. 

Polypropylene,  although  possesing  inher¬ 
ent  mechanical  toughness  and  a  high  crys¬ 
talline  melting  point,  is  generally  seen 
to  be  an  unsuitable  material  for  an  irra¬ 
diated  cross-1 inkafc le  polyolefin,  primarily 
because  of  poor  resistance  to  degradation 
by  irradiation  and  oxidation. 

But  polypropylene  is  essentially  classified 
as  a  polymer  of  cross-linking  type. 

If  a  cross-linked  polypropylene  insulation 
could  be  developed,  it  is  forecast  that 
cross-linked  polypropylene  would  have 
better  mechanical  and  thermal  properties. 

From  the  view  point  of  utilizing  excel¬ 
lent  characteristics  in  polypropylene,  we 
have  studied  the  cross-linking  of  poly¬ 
propylene  and  developed  a  flame  resistant 
irradiated  cross-linked  polypropy lene (FRXL 
PP)  insulation. 

This  cross-linked  polypropylene  insula¬ 
tion  is  designed  to  meet  the  requirements 
of  the  U.L.VW-1  flame  test  and  U.L.  rated 
150°C  wire  specifications. 

nur  investigation,  and  the  resulting 
data  will  be  discussed  in  three  phases: 
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1)  Basic  components  of  the  flame  resistant 
polypropylene  compound  for  irradiated 
cross-linking;  2)  Irradiated  cross-linking 
of  flame  resistant  polypropylene; 

3)  Physical  properties  of  FRXLPP  insula¬ 
tion,  and  the  comparison  of  FRXLPP  insula¬ 
tion  and  FRXLPE  insulation  in  some  mecha¬ 
nical  characteristics. 

A  brief  explanation  of  each  will  reveal 
some  of  the  FRXLPP  insulation  properties. 

Basic  components 

A  flame  resistant  polypropylene  com¬ 
pound  for  irradiated  cross-linking  is  com¬ 
posed  of  many  components.  These  compo¬ 
nents  should  be  used  in  a  proper  combina¬ 
tion  in  consideration  of  their  workability. 

Basic  components  are  described  here. 

Polypropylene 

Polypropylene  is  essentially  classified 
as  a  polymer  of  the  cross-linking  type  as 
shown  in  Table  1. 


Table  1 

Classif ication  of  radiation  effect 
on  polymers 


^SJypes 

Radical 

Cross- 1 inking 
types 

Degradation 

types 

-H 

Polyethylene 

— 

-CH3 

Polypropylene 

Poly iso- 

buthylene 

-C6H5 

Polystylene 

Polymethy 1- 

stylene 

-<jj-0Cfi3 

Polymethyl¬ 

acrylate 

Polymethyl- 
methacry  late 

-C-NH, 

<3  2 

Poly aery lamide 

Polymethacryl¬ 

amide 

-Cl 

Polyvinyl¬ 

chloride 

Po ly vinyl iden- 
chloride 

-OR 

Polyvinylallyl- 

ester 

— 

We  have  tried  to  cross-link  several 
kinds  of  polypropylene  which  have  differ¬ 
ent  molecular  designs,  but  the  difference 
of  efficiency  of  cross-linking  has  not 
been  observed  among  the  various  types. 

Common  polypropylene  has  been  selected 
for  the  base  polymer  of  FRXLPP  insulation 
and  this  polypropylene  is  ethylene  copoly¬ 
mer  of  the  isotactic  type. 

Table  2  shows  the  physical  properties 
of  the  polypropylene  used  in  FRXLPP  insu¬ 
lation  . 


Table  2 


Polypropylene  used 

in  FRXLPP  insulation 


Dens i ty 

Melt 

index 

Tensile 

strength 

F longat ior 

g/cm  ^ 

g/lOmin 

2 

kg/mm 

% 

0.91 

1.5 

3.2 

600 

Flame  retardants 


FRXLPP  insulation  is  designed  to  meet 
the  requirements  of  the  U.L.VW-1  flame 
test.  Vertical  flame  tests  are  often  em¬ 
ployed  to  evaluate  the  flame  resistance 
characteristics  of  wire  insulation  on  a 
more  critical  basis.  Tests  of  this  type 
are  more  severe  than  the  horizontal  method. 
Many  kinds  and  different  additive  quanti¬ 
ties  of  flame  retardants  were  investigated 
to  get  the  FRXLPP  insulation  capable  of 
meeting  the  requirements  of  the  U.L.VK-1 
flame  test. 

The  conbination  of  a  halogen  containing 
additive  and  antimony  trioxide  was  found 
to  be  most  effective  in  imparting  excellent 
flame  resistance  to  the  FRXLPP  insulation. 

Stabilizers 


Polypropylene  has  poor  resistance  to 
degradation  by  oxidation  because  of  its 
molecular  structure,  and  the  break  down  by 
oxidation  is  accelerated  when  copper  makes 
contact  with  polypropylene. 

Therefore  the  stabilizers  for  polypropylene 
should  be  carefully  tested  so  as  to  main¬ 
tain  a  long  life  for  the  insulation  at  high 
temperatures.  As  there  are  few  documents 
on  stabilizers  for  cross-linked  polypro¬ 
pylene  at  high  temperature,  several  kinds 
of  stabilizers  have  been  tested  in  order  to 
clarify  the  ageing  resistance  of  cross- 
linked  polypropylene  containing  these 
stabilizers . 

Antioxidants  and  copper  inhibitors  were 
added  to  polypropylene  as  stabilizers. 
Alkylated  phenol  and  ester  containing 
sulfur,  as  Distearyl  thiodipropionate ,  are 
generally  used  in  an  antioxidant  system. 

It  is  well  known  that  ester  containing 
sulfur  has  a  synergistic  effect  on  anti¬ 
oxidant  action  with  alkylated  phenol. 

In  case  of  FRXLPP  insulation  the  same  syn¬ 
ergistic  effect  has  been  observed,  too. 

Table  3  shows  several  kinds  of  anti¬ 
oxidants  and  copper  inhibitors  used  in  the 
experiments.  Many  conbinations  of  these 
antioxidants  and  copper  inhibitors  were 
tested  and  the  stabilizer  system  of  FRXLPP 
insulation  has  been  selected  from  the 
results  of  accelerated  ageing  tests. 


418  International  Wire  &  Cable  Symposium  Proceedings  1982 


Table  3 


Antioxidants  and  copper  inhibitors  used  in  the  experiments 


Antioxidants 

Tr is [ f - ( 3 , 5-di-t-buty 1 -4-hydroxy-pheny 1 ) propiony 1- 

oxyethyl] isocianurate 

Tetrakis [methylene-3 { 3 , 5-di -t -butyl -4 -hydroxy phenyl ) 

propionate] me than 

2,2-Thio[diethyl-bis-3(3, 5-di-t-buty 1-4-hydroxypheny 1 ) 

propionate ] 

1 . 3 . 5- Tris ( 3 ' ,5' -di-t-buty 1-4 -hydroxy benzoyl) 

isocianurate 

Distearyl  thiodipropionate 

Bis [ 2 -me thy  1-4- ( 3-n-alky lthiopropiony loxy) - 

5-t-buty lpheny 1 ] sul f ide 

1.3. 5-  1 rime thy  1-2 , 4 , 6-tris (3 , 5-di-t-buty 1-4- 

hydroxybenzyl) benzene 

Tris- (2-methyl-4-hydroxy-5-t-butylphenyl)  butane 

Copper 

inhibitors 

3-  (N-Sal icyloyl) amino-1 ,2,4-triazole 

N,N'-dibenzal- (oxalyl  dihydrazide) 

Isophthalic  acid  bis ( 2-phenoxyprop' ony 1  hydrazide) 
Commercial  copper  inhibitor  of  undisclosed  structure 

There  were  several  undesired  stabiliz¬ 
ers  which  resulted  in  disadvantages  to  FRX 
LPP  insulation.  They  prodused  the  follow¬ 
ing:  1)  Changs  in  the  color  of  the  insula¬ 
tion;  2)  Foaming  of  insulation;  3)  Inhibi¬ 
tion  of  cross-linking. 

Irradiated  cross-linking  of  polypropylene 

There  were  many  reports  or  patents  con¬ 
cerned  with  cross-linking  of  polypropylene, 
but  only  the  foamed  polypropylene  is  used 
practically. 

The  point  at  issue  of  cross-linking 
polypropylene  is  its  low  resistance  to 
degradation  by  oxidation.  Therefore  pre¬ 
venting  degradation  by  oxidation  should  be 
paid  attention  at  the  process  of  irradia¬ 
tion  in  order  to  get  cross-linked  polypro¬ 
pylene  which  can  be  used  practically. 

We  have  studied  two  methods  to  put 
cross-linked  polypropylene  to  practical 
use.  One  is  the  addition  of  a  functional 
monomer  and  the  other  is  the  blending  of  a 
thermoplastic  elastomer. 

Functional  monomer 


Degradation  of  polypropylene  takes  pre¬ 
cedence  over  cross-linking  when  it  is  irra¬ 
diated  in  air.  The  irradiated  raw  polypro¬ 
pylene  changes  into  a  brittle  material 
which  produces  few  gel  at  our  initial 
investigations . 

The  acceleration  of  cross-linking  is 
important  to  prevent  the  degradation  of 
polypropylene  because  cross-linking  should 
take  precedence  over  degradation. 

We  have  investigated  the  introduction 
of  functional  monomers  as  a  accelerator  of 
cross-linking  for  the  purpose  of  prevent¬ 
ing  the  degradation  of  polypropylene. 

This  technique  is  the  same  one  as  used  in 
cross-linking  of  polyvinylchloride. 


Table  4  Functional  monomers 


TMPTA 

Tr imethy lolpropane  triacrylate 

TMPTM 

Tr imethy lolpropane  trireth- 
acry late 

TEGDM 

Tef raethylene  glycol 

dimethacrylate 

TAC 

Triallyl  cyanulate 

DAP 

Diallyl  phtalate 

TEGDA 

Tetraethy lene  glycol 

diacrylate 

0  I _ l - 1 - 1 - - — L_ — 

0  5  10  15  20 

Additive  quantity  of  TMPTM  (PHR) 


Figure  1  Relation  between  the  percent  of 
gel  of  polypropylene  and  the  additive 
quantity  of  TMPTM 
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Table  4  shows  the  functional  monomers 
used  in  the  investigation. 

The  functional  monomer  which  was  most 
effective  was  TMPTM  .  It  had  many  active 
groups  and  was  more  effective  in  accelerat¬ 
ing  the  cross-linking  of  polypropylene  than 
the  others  investigated. 

Figure  1  shows  the  relation  between 
the  percent  of  gel  of  polypropylene  and  the 
additive  auantity  of  TMPTM  . 

It  is  clear  from  Figure  1  that  the  relation 
between  the  percent  of  gel  and  the  additive 
quantity  of  TMPTM  begins  to  reach  equilib¬ 
rium  when  the  additive  quantity  of  TMPTM 
amounts  to  10  parts  of  TMPTM  per  100  parts 
of  polypropylene.  This  means  that  the 
proper  additive  quantity  of  TMPTM  is  in  the 
range  of  10-15  parts  of  TMPTM  per  100  parts 
of  polypropylene. 

Thermoplastic  elastomer 


The  relation  between  the  radiation  dose 
and  the  elongation  of  cross-linked  poly¬ 
propylene  insulation  is  shown  in  Figure  2. 


Figure  2  Relation  between  the  radiation 
dose  and  the  elongation  of  cross-linked 
polypropylene  insulation 

There  are  the  two  relations  in  Figure  2. 

One  is  the  that  between  the  radiation  dose 
and  the  elongation  of  cross-linked  polypro¬ 
pylene  insulation  which  does  not  contain 
any  flame  retardant.  The  other  is  between 
the  radiation  dose  and  the  elongation  of 
cross-linked  polypropylene  insulation  which 
contains  flame  retardants  to  meet  U.L.VW-1 
flame  test. 

As  shown  in  Figure  2,  the  elongation  of 
cross-linked  polypropylene  insulation  de¬ 
creases  significantly  with  the  radiation 
dose.  In  the  case  of  cross-linked  polypro¬ 
pylene  insulation  containing  flame  retard¬ 
ants,  the  deterioration  of  elongation  was 
especially  noticeable. 


It  is  clear  from  the  results  of  Figure 
2  that  the  improvement  of  the  elongation 
property  of  flame  resistant  cross-linked 
polypropylene  insulation  is  needed  to  be 
used  practically  as  insulation.  We  have 
investigated  the  need  to  add  a  kind  of 
polymer  having  elasticity  in  polypropylene 
to  improve  the  elongation  property  of  FRXL 
PP  insulation. 

Table  5 


Polymers  used  in  the  blend 

with  polypropylene 


EVA 

Ethylene-vinylacetate  copolymer 

EEA 

Ethy lene-ethy lac ry late  copolymer 

SF.BS 

Sty lene -ethylene- butylene- 

stylene  block  copolymer 

E.<0 

Ethy lene-aolef in  copolymer 

Table  5  shows  several  kinds  of  polymers 
used  in  the  blend  with  polypropylene. 

We  have  studied  the  relation  between  the 
radiation  dose  and  the  elongation  of  sever¬ 
al  kinds  of  FRXLPP  insulations  consisting 
of  the  polymer  blends  of  each  of  those 
polymers  with  polypropylene. 

Every  polymer,  as  shown  in  Table  5,  has 
resulted  in  an  improvement  in  the  elongaton 
property  of  FRXLPP  insulation.  Especially 
SEBS  has  had  a  great  effect. 

Figure  3  shows  the  relation  between  the 
radiation  dose  and  the  elongation  of  FRXLPP 
insulation  consisting  of  the  blend  of  SEBS 
with  polypropylene.  It  is  recognized  from 
Figure  3  that  SEBS  has  a  great  effect  on 
the  improvement  of  the  elongation  property 
of  FRXLPP  insulation. 


Figure  3  Effect  of  SEBS  on 

the  elongation  of  FRXLPP  insulation 
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FRXLPP  insulation  has  to  maintain  its 
excellent  characteristics  at  high  tempera¬ 
ture  over  a  long  time. 

We  have  studied  the  heat  resistance  of 
several  kinds  of  FRXLPP  insulations  con¬ 
sisting  of  the  polymer  blends  of  each  of 
those  polymers  as  shown  in  Table  5  with 
polypropylene . 

Table  6 


Percent  of  retentions  of 
elongation  of  FRXLPP  insulations 


Polymer 
b lends 

EVA 

with  PP 

EEA 

with  PP 

SEBS 
with  PP 

Elonga- 

ton 

%or iginal 

Af ter7day 
at  180°C 

5 

10 

85 

5 

Table  6  shows  the  percent  of  retentions 
of  elongation  of  several  kinds  of  FRXLPP 
insulations  consisting  of  polymer  blends 
after  heat  ageing  at  180°C  for  7days. 

It  can  be  seen  from  the  results  in  Table  6 
that  only  the  polymer  blend  of  SEBS  with 
polypropylene  is  able  to  resist  heat  age¬ 
ing  at  180°C  for  7days.  It  is  important 
that  the  polymer  used  in  the  blend  with 
polypropylene  has  itself  good  resistance 
to  heat  ageing. 

From  the  above  mentioned  results,  SEBS 
has  been  selected  as  the  polymer  for  bled- 
ing  to  improve  the  elongation  properties 
of  FRXLPP  insulation. 

Physical  properties  of  FRXLPP  insulation 

We  measured  the  physical  properties  of 
FRXLPP  insulation  to  explain  its  character¬ 
istics.  At  the  same  time,  we  measured  the 
physical  properties  of  FRXLPE  insulation  to 
explain  the  different  physical  properties 
between  FRXLPP  insulation  and  FRXLPE  insu¬ 
lation  . 

These  are  summerised  in  the  results 
and  discussion. 

Testing  specimens 

Table  7  shows  the  testing  specimens. 

We  prepared  the  specimens  of  FRXLPP  insu¬ 
lated  wire  to  meet  the  requirements  of  U.L. 
rated  150°C  wire  specifications,  based  on 
the  above  mentioned  study.  Also  the  speci¬ 
mens  of  FRXLPE  insulated  wire  selected  in 
this  case  meet  the  requirements  of  U.L. 
rated  150°C  wire  specifications. 

Testing  methods 

Table  8  shows  the  testing  methods. 


They  conform  with  the  test  methods  for  I'.L. 
speci f i ca  t i ons . 

Several  measurements  were  carried  out, 
employing  temperature  as  the  parameter. 


Table  7  Testing  specimens 


Insulation 

thickness 

Conductor 

FRXLPP 

insulated 

wire 

0 . 8mm 

AWG  2  2 

0 . 4mm 

FRXLPE 

insulated 

wire 

0 . 8mm 

AWC,  2  2 

Table  8  Test  methods 


Item 

Method 

Tensile  test 

U.L. -62 

Tensile  test  after 
heat  aaina 

U.L. -62 

Tensile  test  after 

oil  immersion 

U.L. -62 

U.L.  flexibility  test 

U.L. -62 

Heat  shock  test 

U.L. -62 

Cold  bend  test 

U.L. -62 

Vicat  softening  point 

ASTM  D-1525 

Torsion  test 

ASTM  D-1043 

Slow  compression  test 

U.L. -62 

Deformation  test 

U.L. -62 

Penetration  test 

U.L. -62 

Cutting  test 

CSA  standard 

Flame  test 

U.L. -62 (VW-1) 

Conductor  corrosion 

U. L. -62 

Dielectric  strength 

U.L. -62 
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Table  9  Results  of  U.L.  rated  150°C  wire  test  methods 


Results 

Item 

Specif ication 

FRXLPP _ . _ 1 

FRXLPE  . 

t=o .  8 

t=0 . 4 

t=0 . 8 

Tensile  strength 
(kq/mni  ) 

>1.05 

1.6 

1.5 

1.3 

Unaged 

Elongation 

<%) 

^  150 

240 

240 

270 

After  7day 

Tensile  strength 
(%  original) 

> 

100 

110 

120 

180°C 

Elongation 

(%  oriqinal) 

>  65 

85 

82 

85 

After  96  hr 
oil  immersion 

Tensile  strength 
(%  original) 

„>  50 

62 

60 

54 

at  100°C 

Elongation 

(%  original) 

>  50 

55 

62 

56 

— 

VW-1  Flame  test 

Pass 

Pass 

Pass 

Cold  bend  test 

(-10°C  x  lhr) 

No  crack 

None 

None 

None 

Heat  shock  test  (180°C  x 

lhr) 

No  crack 

— 

None 

None 

None 

Flexibility  test  after  air 
oven  aging 

No  crack 

None 

None 

None 

Deformation  test  at  180°C 

>  50 

63 

58 

58 

Conductor  corrosion 

None 

None 

None 

Dielectric  strength  test 

Unaged 

No  break  down 

NB 

NB 

NB 

(2000v  x  lmin) 

Aged 

No  break  down 

NB 

NB 

NB 

_ 

Results 

1_) _ The  results  of  U.L.  test  methods 

Table  9  shows  the  results  of  tests  which 
are  published  as  the  specifications  of  U.L. 
rated  150°C  wire.  Both  FRXLPE  insulation 
and  FRXLPP  insulation  meet  all  items. 

They  were  tested  over  a  short  period  of 
time,  but  wire  must  have  resistance  against 
longer  ageing.  To  extrapolate  heat  resist¬ 
ance  over  a  long  time,  we  took  two 
Arrhenius’  plots;  one  about  the  U.L.  flexi¬ 
bility  test  and  the  other,  the  percent  of 
retention  of  elongation  after  heat  ageing. 

The  Arrhenius'  plot  of  flexibility  test 
is  given  by  plotting  the  times  when  the 
cracks  in  the  specimen's  surface  is  caused 
by  wrapping  a  specimen  around  the  mandrel 
at  the  certain  temperatures. 

The  Arrhenius'  plot  of  the  percent  of 
retention  of  elongation  after  heat  ageing 
is  taken  by  plotting  the  times  when  the 
percent  of  retention  of  elongation  after 
heat  ageing  shows  65  %. 

Figure  4  and  Figure  5  shows  the 


Arrhenius'  plot  of  both. 


Figure  4  Arrhenius'  plot  of  U.L. 
flexibility  test 
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Figure  5  Arrhenius ' plot  of  percent  of 
retention  of  elongation 

As  both  FRXLPE  insulation  and  FRXLPP  insu¬ 
lation  show  similar  curves  of  Arrhenius' 
plots,  the  heat  resistance  of  each  is 
almost  on  the  same  level. 

According  to  these  results,  it  is  pressumed 
that  the  useful  life  of  FRXLPP  insulation 
is  about  5000  hours  at  150°C,  and  about 
40000  hours  at  125°C. 

As  polypropylene  is  relatively  brittle 
at  low  temperatures,  a  cold  bend  test  was 
carried  out  in  detail  at  temperatures  which 
are  lower  than  required  by  U.L.  specifica¬ 
tion.  Table  10  shows  the  results  of  the 
cold  bend  tests  at  -30°C  and  -60°C. 


Table  10  Results  of  the  cold  bend  test 


Temperature 

FRXLPP 

FRXLPE 

t=0 , 8mr  1  t=0 . 4mm 

t=0 . 8mm 

-30°C 

No  crack 

No  crack 

No  crack 

-60°C 

No  crack 

No  crack 

No  crack 

The  FRXLPP  insulation  did  not  crack  as 
badly  as  the  FRXLPE  insulation. 

It  is  recognized  that  the  blended  elastomer 
has  the  effect  of  improving  of  low  tempera¬ 
ture  brittleness  of  polypropylene. 

2)  Vicat  softening  point,  Torsion  test 

To  explain  the  characteristics  of  FRXLPP 
insulation,  the  Vicat  softening  point  and 
the  apparent  modulus  of  rigidity  were  meas¬ 
ured  . 

Table  11  shows  the  Vicat  softening 
points.  In  this  case,  the  temperatures  at 
which  a  flat-ended  needle  penetrated  the 
insulation  to  a  depth  of  0.5  mm  were  meas¬ 


ured. 

Each  of  the  resultant  softening  point  is 
almost  equal  to  those  of  polyethylene  and 
polypropylene.  Therefore,  these  results 
show  that  the  Vicat  softening  point  depends 
on  its  own  basic  polymer  even  in  cross- 
linked  materials.  Several  properties 
mentioned  later  changed  significantly 
beyond  the  softening  point. 


Table  11  Vicat  softening  point 


I  FRXLPP  j 

FRXLPE 

1 

CO 

o 

II 

t=0 . 4mm 

t=0 . 8mm 

Temperature 

(°C) 

121 

81 

Figure  6  Relation  between  the 
apparent  modulus  of  rigidity  and 
temperature 


Figure  6  shows  the  relations  between  the 
apparent  modulus  of  rigidity  and  tempera¬ 
ture.  The  apparent  modulus  of  rigidity 
were  measured  by  means  of  insulations. 

It  is  recognized  from  these  results  that 
the  apparent  modulus  of  rigidity  of  FRXLPP 
insulation  is  higher  than  that  of  FRXLPE 
insulation,  and,  the  lower  temperature 
falls,  the  larger  the  difference  becomes. 

These  results  show  that  the  mechanical 
strength  of  FRXLPP  insulation  is  greater 
than  FRXLPE  insulation. 

This  characteristics  depends  on  the  poly¬ 
propylene  used  in  FRXLPP  insulation. 

Higher  Vicat  softening  point  and  apparent 
modulus  of  rigidity  are  the  characteristics 
which  distinguish  FRXLPP  insulation  from 
the  other  materials  of  insulation. 
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It  is  expected  from  these  results  that 
FRXLPP  insulation  will  have  an  excellent 
tensile  properties  and  deformation  resist¬ 
ance  . 

3)  Tensile  properties 

Figure  7  shows  the  change  of  tensile 
strength  with  temperature.  Figure  8  shows 
the  change  of  elongation  with  temperature. 


Figure  7  Change  of  tensile  strength 
with  temperature 


Figure  8  Change  of  elongation 
with  temperature 


The  tensile  strength  of  FRXLPP  insulation 
is  higher  than  that  of  FRXLPE  insulation  in 
the  temperature  area  below  150°C. 

The  elongation  of  FRXLPP  insulation  does 
not  change  in  the  temperature  area  below 
130"C,  although  the  difference  of  elongation 
of  both  insulation  is  small  in  the  tempera¬ 
ture  area  above  150°C. 

If  is  recognized  from  the  above  mentioned 
results  that  the  tensile  properties  of  FRXL 
PP  insulation  are  excellent  at  high  tempera¬ 
tures  and  this  character istic  disappears  in 
the  temperature  area  above  150°C. 

4)  Slow  compression  test 

To  investigate  the  compression  resist¬ 
ance  of  FRXLPP  insulation  at  room  tempera¬ 
ture,  a  slow  compression  test  was  carried 
out.  Table  12  shows  the  results  of  slow 
compression  tests.  As  can  be  seen,  FRXLPP 
insulation  has  an  excellent  compression 
resistance  and  the  0.4  mm  thickness  of  FRXL 
PP  insualtion  is  almost  equal  to  that  of  0.8 
mm  of  FRXLPE  insulation  in  the  compression 
resistance . 


Table  12  Results  of  the  slow 

compression  test 


Radius 
of  edge 

FRXLPP 

FRXLPE 

t=0 . 8mm 

t  =  0 . 4mm 

t=0 . 8mm 

1 . 6mm 

kg 

38.4 

18.2 

21.6 

0 . 15mm 

kg 

17.7 

6.7 

9.7 

Fiqure  9  Relation  between  the  percent 
of  deformation  and  temperature 
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5)  Deformation 


Figure  9  shows  the  relation  between  the 
percent  of  deformation  and  temperature. 

It  is  recognized  that  the  percent  of  defor¬ 
mation  of  FRXLPP  insulation  is  higher  than 
that  of  FRXLPF.  insulation  in  the  wide  tem¬ 
perature  area.  Although  there  is  a  change 
at  the  near  softening  point,  the  percent 
of  deformation  of  FRXLPP  insulation  is 
about  20  %  higher  than  that  of  FRXLPE 
insulation  below  150°C. 

6 )  Penetration  resistance 


As  the  results  of  slow  compression  tests 
and  deformation  tests  have  shown  the  excel¬ 
lent  properties  in  FRXLPP  insulation,  we 
investigated  the  penetration  resistance 
with  a  sharp  edge  at  high  temperatures. 

This  test  carried  out  by  employing  the 
methods  of  the  U.L.  penetration  test  and 
CSA  cutting  test. 

Figure  10  and  11  shows  the  results  of 
the  U.L.  penetration  test  and  the  CSA  cutt¬ 
ing  test.  FRXLPP  insulation  shows  excel¬ 
lent  properties  in  each  test. 

It  should  be  noticed  that  the  penetration 
resistance  of  0.4  mm  thickness  FRXLPP  insu¬ 
lation  is  equal  to  that  of  0.8  mm  FRXLPE 
insulation.  The  excellent  mechanical 
strength  of  FRXLPP  insulation  at  high  tem¬ 
perature  is  clearly  explained  by  these 
resu Its. 

The  above  mentioned  physical  properties 
of  FRXLPP  insulation  meet  the  requirements 
of  H. L.  rated  150°C  wire  specifications. 

It  is  recognized  that  the  mechanical  pro¬ 
perties  of  FRXLPP  insulation,  for  example, 
tensile  property,  slow  compression,  defor¬ 
mation  and  penetration,  are  superior  to 
those  of  FRXLPF.  insulation,  especially  in 
high  temperatures.  Because  of  these  rea¬ 
sons,  it  is  possible  to  make  a  insulation 
thickness  thin  according  to  demand. 

Cone  1  us  ion 


Our  flame  resistant  cross-linked  poly¬ 
propylene  insulation  has  been  developed  on 
the  basis  of  extensive  research  concerned 
with  many  components,  such  as  polypropyl¬ 
ene,  flame  retardants,  stabilizers  and 
other  factors.  Especially  important  fac¬ 
tors  were  the  introduction  of  a  functional 
monomer  and  a  thermoplastic  elastomer. 

The  resultant  product  exhibits  an  opti¬ 
mum  balance  of  electrical,  thermal,  flame 
resistance  and  mechanical  properties. 

This  flame  resistant  cross-linked  polypro¬ 
pylene  insulated  wire  meets  the  require¬ 
ments  of  the  U.L.  VW-1  flame  test  and  U.L. 
rated  150°C  wire  specifications. 

It  is  especially  worthy  of  notice  that 
the  flame  roistant  cross-linked  polypro¬ 
pylene  insulation  is  superior  to  the  flame 
resistant  cross-linked  polyethylene  insu¬ 
lation  in  mechanical  properties  from 
low  temperature  to  high  temperature. 


Figure  10  Results  of  the 
U.L.  penetration  tost 


Temperature  (°C) 

Figure  11  Results  of  the  CSA 
cutting  test 


Especially  the  resistance  to  compression  or 
deformation  of  FRXLPP  insulation  is  superi¬ 
or  to  these  properties  in  FRXLPE  insulation 
For  hat  reason,  the  primary  advantage  of 
applying  the  FRXLPP  insulation  is  that  the 
insulation  is  smaller  in  diameter  than  that 
of  FRXLPE  insulation  in  the  same  rated  wire 
Therefore  it  will  find  broad  acceptance 
in  motor  leads,  appliances,  hook-ups  and 
all  industries  which  want  now  materials 
havino  excellent  mechanical  properties. 
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A  COMPREHENSIVE  SMALL  SCALE  SMOKE  TEST 


R.H.  Whiteley 

^  / 

Raychem  Ltd.,  Swindon,  England 


j  Abstract 

A  small  scale  smoke  test  method  is  described.  The 
test  involves  the  pyrolysis  or  combustion  of  a 
small  sample  of  material  (  n,  200  mg)  in  a  flow  of 
pre-heated  dry  air.  The  optical  density  of  the 
resulting  stream  of  smoke  is  continuously 
monitored.  The  temperature  of  the  pyrolysis  oven 
can  be  varied  in  the  range  200°C  to  90(rC  which 
corresponds  to  a  range  of  radiant  heat  flux  of 
i  0.3  Mem-2  jtoU5.5  Wcm"2.  A  microcomputer  is  used 
-tsMHracess'  thVdtrte'gene rated,  to  produce  smoke 
versus  time  plots,  smoke  versus  temperature  plots, 
and  '3D’  plots  of  smoke  evolution  versus  time 
versus  temperature  to  illustrate  the  overall  smoke 
producing  characteristics  of  materials. 


smoke  density 


Cumulative  Method 


b 


The  Measurement  of  Smoke 

A  number  of  methods  have  been  developed  1  and 
they  all  use  one  of  two  measurement  techniques  ", 
gravimetric  or  optical.  Gravimetric  methods 
involve  determining  the  mass  of  smoke  particles 
deposited  on  a  filter.  Optical  methods,  which 
are  much  more  common,  involve  the  measurement  of 
the  fraction  of  light  obscured  by  the  smoke 
evolved  and  are  of  two  types  -  cumulative  and 
dynamic.  In  the  former,  smoke  accumulates  in  a 
chamber  and  the  density  of  the  smoke  is  monitored 
over  a  period  of  time.  In  the  latter,  measurements 
are  made  by  monitoring  the  density  of  smoke  in  a 
gas  stream.  The  general  shapes  of  smoke  density 
versus  time  plots  for  cumulative  and  dynamic 
measuring  methods  are  illustrated  in  Figure  1. 


Light  attenuation  through  smoke  follows  the  Beer- 
Lambert  law  which  states 

I  =  I0  e-£C*  .  0) 


where 

I0  =  incident  light  intensity 
I  =  transmitted  light  intensity 

c  =  extinction  coefficient 

c  *  concentration 

l  =  light  path  length 
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This  can  be  rewritten  as 

log  if,  (lo/,)  =  €g  .  (2) 

2.303 

The  decrease  in  light  transmission  with  increasing 
concentration  of  smoke  therefore  follows  a 
logarithmic  law  and  so  it  is  more  useful  to  express 
the  amount  of  smoke  in  terms  of  optical  density,  D, 


D  1  =  D  x  V  .  (7) 

s  TO 

where 

A  -  the  area  of  the  sample  exposed  to  the 
heat  source. 

and  in  this  case  D  '  is  dimensionless. 

S 


o  =  log,,,  ('o/j)  .  (3) 

since  0  is  proportional  to  concentration,  whereas 
transmission  is  not, 

trans.  =  1  x  100  .  (4) 

To 

Table  1  illustrates  the  relationship  between  these 
two  quantities. 

TABLE  1  -  Percent  Transmission  and  Optical  Density 


trans . 

n 

100 

0 

10 

1 

1 

2 

0.1 

3 

0.01 

4 

A  further  quantity,  specific  optical  density  Ds, 
can  be  defined  by  the  equation 

0S  =  D  x  V  .  (5) 

Tm 

where 

V  =  volume  of  smoke 
l  -  light  path  length 
m  mass  of  sample 

In  a  dynamic  method  it  is  useful  to  calculate  the 
specific  optical  density  of  all  the  smoke  produced 
from  the  sample,  i.e.  obtain  a  measure  of  the  total 
smoke,  S,  produced  by  the  material  under  test. 

This  is  found  using  the  equation 


Test  Methods 


Table  2  lists  some  of  the  numerous  smoke  tests  now 
being  used.  All  the  tests  in  the  list  are  optical 
and  most  are  of  the  dynamic  type.  There  are  large 
variations  between  the  tests  e.y.  the  sample  size 
ranges  from  200  mg  (NF  T  51-C73)  up  to  a  24  ft 
long  board  (£84)  and  the  heat  sources  vary  from 
small  radiant  heaters  (e.g.  E662)  to  a  5000  BTU/min 
gas  flame  ( E 84 ) . 

Probably  the  most  commonly  used  small  scale 
apparatus  is  the  NBS  smoke  chamber  (ASTM  E662) 
which  is  of  the  cumulative  optical  type  -  see 
Figure  2. 


smoke 

exhaust 


light 

I  1  source 


1 

l 

3U 

1 

1 

1 

1 

fan 

1 

l 

[light 

1  beam 

l 

1 

radiant  sample 

1 

heater  (]  LI 

1 

1 

/gas 

i 

I 

1 

flame 

m - 

detector 


FIGURE  2  -  Schematic  diagram  of  the  NBS 
smoke  chamber. 

There  are  however  several  disadvantages  in  using 
the  NBS  chamber  ; 


where 

f  =  gas  flow 

J D.dt  =  the  area  under  th§  optical  density 
versus  time  curve. 

When  defined  in  this  way  S,  like  Ds,  has  units  of 
area  per  unit  mass  e.g.  cm2g"*.  An  alternative 
definition  of  specific  optical  density  is  some¬ 
times  used, 


Only  one  level  of  radiant  heat  flux  is  commonly 
used  (2.5  Wcm_r)  which  corresponds  to  a  relative¬ 
ly  low  temperature  (  n  475°C).;' 

The  test  method  is  rather  slow. 

For  the  routine  screening  of  materials  a  relati¬ 
vely  large  sample  is  required  for  each  test  - 
typically  15  -  30  g. 

Many  samples  melt  and  drip  away  from  the  radiant 
heat  source  and  therefore  give  unreliable 
results . 


i 
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TABLE  2  -  Smoke  Tests  -  Current  and  Under  Development  (from  ref.  1) 


Country/ 

Institution 

Test 

Reference 

Test* 

Type 

Smoke 

Measurement 

Unique/ 

Multipurpose  (x) 

Australia 

AS  1530  Part  3 

0 

Optical 

M  (flammability) 

Canada 

CAN  4,  S  102 

0 

•1 

U 

France 

NF-T51-073 

D/C 

II 

U 

Germany 

DIN  53437/ 

53436 

0 

II 

U  (smoke  & 
toxicity) 

Japan 

JIS  A1321  : 

Part  3 

C 

II 

U  (also  measures 
toxicity) 

Netherlands 

SEN  3883 

0 

II 

M  (flashover) 

Scandinavia^  ^ 

Nord  test 

NT  FIRE  004 

0 

n 

M  (heat  release) 

UK 

BS/DD  36 

C 

II 

U 

BS  5111 

D/C 

it 

U 

USA 

E84 

D 

II 

M  (flame  spread! 

E268 

D 

II 

M  (flame  spread) 

E162 

0 

II 

plus 

gravimetric 

M  (flammability) 

E662 

C 

Optical 

U 

iso(2) 

D  2843 

D/C 

ll 

U 

DTR  5924 

C 

II 

U 

UK  <2> 

BS  DD/70 
+  0036 

(See  DTR  5924) 

C 

M 

U 

Test  types  : 

X  Primary  objective  of  the  test 

Dynami c 

Cumulative 

Dynami c/Cumul a  t i ve 

(1)  Denmark,  Finland,  Norway  &  Sweden 
having  corresponding  internal 
specification  and  own  reference  to  the  test 

(2)  Under  development. 

For  these  reasons  we  have  developed  the  apparatus 
described  in  this  paper  in  order  to  complement  and 
supplement  data  obtained  from  the  NBS  chamber. 

The  requirements  we  wanted  were  as  follows  : 

.  a  range  of  radiant  heat  fluxes,  with  a  maximum 
of  a  least  8  Wcm'?. 

.  small  sample  size. 

.  relatively  rapid  measurements. 

.  elimination  of  the  dripping  problem. 

A  range  of  radiant  heat  fluxes  was  regarded  as 
being  particularly  important  because  it  has  been 
shown  that  some  materials  produce  very  low  smoke 
in  the  NBS  chamber  when  exposed  to  a  radiant  heat 
flux  of  2.5  Wcm'2  but  when  the  heat  flux  is  raised 
smoke  emission  can  increase  very  considerably  7>3' 


The  Apparatus 

The  apparatus,  illustrated  in  Figure  3,  is  based 
on  the  French  standard  NF  T  51-073  ^  and  is  of  the 
dynamic  optical  type. 

Dry  air  passes  at  a  rate  of  3.5  1  min"1  through  a 
pre-heater  (250°C)  into  a  silica  tube  which  is 
heated  by  an  annular  furnace. 

The  sample,  typically  200  mg,  is  in  a  small  metal 
boat  in  the  middle  of  the  tube.  The  temperature  at 
the  sample  is  measured  by  a  thermocouple  located 
just  behind  the  boat.  The  temperature  can  be 
varied  between  200°C  and  900°C  corresponding  to 
measured  radiant  heat  fluxes  of  between  0.3  and 
8.5  Wcm"7  -  see  Figure  4. 
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Furnace 


Optical  system 


Smoke 


FIGURE  4  -  Heat  flux  measurements 


Smoke  from  the  sample  passes  into  a  mixing/ 
sampling  chamber  and  then  into  a  photometer  which 
measures  the  light  obscuration  produced  by  the 
smoke.  A  silicon  photodiode  detector  (United 
Detector  Technology  Inc.  'PIN-10  AP')  is  used  with 
a  filter  so  that  its  spectral  response  matches 
that  of  the  human  eye.  The  signal  from  the 
photodiode  is  recorded  as  a  function  of  time  on  a 
pen  recorder  and,  together  with  the  output  from 
the  thermocouple,  is  fed  to  a  microcomputer  for 
analysis. 


Raw  Data  Corrections 


The  flow  rate  of  air  through  the  apparatus  of 
3.5  Emin"1  was  measured  at  25°C  and  1  atmosphere 
pressure.  When  the  pre-heater  and  furnace  are  on, 
the  temperature  of  the  gases  passing  through  the 
photometer  is  higher  than  25°C  *  so  the  actual 
flow  of  smoke  through  the  photometer  is  greater 
than  3.5  Emin"1  and  is  given  by  the  equation  ; 

f/Emin"1  =  3.5  x  (T  photometer/ °Q2 73?  (8) 

The  measured  O.D.  values  are  therefore  corrected  to 
take  this  effect  into  account. 

The  pressure  in  the  photometer  was  found  not  to 
vary  with  temperature  and  to  be  about  ImmHg  above 
atmosphere  pressure.  A  correction  for  pressure 
variation  is  therefore  not  needed.  No  corrections 
are  made  for  variations  in  atmospheric  pressure. 

The  start  of  a  run  in  taken  as  the  time  when  the 
sample  is  loaded  into  the  pyrolysis  tube.  However, 
when  smoke  is  first  produced  from  the  sample  it 
takes  2.5  seconds  to  reach  the  photocell  so  this 
time  lag  has  to  be  subtracted  from  the  microcom¬ 
puter  timings. 

A  small  flow  of  air  (20  cm3  min"1)  passes  into  the 
photocell  in  order  to  minimise  soot  deposition. 
Nevertheless  some  deposition  does  still  occur  and 
this  causes  a  gradual  shift  in  the  100%  trans¬ 
mission  baseline.  The  microcomputer  is  the r  fore 
programmed  to  apply  appropriate  corrections  to 
eliminate  this  effect. 


*  The  relationship  between  the  photometer 
temperature  and  the  temperature  measured  at 
the  sample  boat  was  found,  empirically,  to  be 

Tphotometer/°C  =  (Tsample/'C)  +  29  (9) 

3TT 
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Total  Smoke,  Half  Smoke  Time,  and  Smoke  Index 


The  total  smoke,  S,  evolved  from  a  material  was 
defined  in  equation  6,  and  is  one  of  the  important 
parameters  which  is  measured  by  the  apparatus. 
However,  the  hazards  associated  with  smoke  in 
fires  are  not  only  related  to  the  total  amount  of 
smoke  that  may  be  evolved  from  a  material,  but  also 
to  the  time  taken  for  that  smoke  to  be  evolved. 

For  this  reason  the  time  taken  for  half  the  total 
smoke  to  be  evolved  (half-smoke  time,  t$)  is 
calculated,  and  a  smoke  index  combining  these  two 
factors  is  also  calculated  using  the  formula  ; 

S.I.  =  S/t.  .  (10) 

Procedure 


For  any  one  material  and  furnace  temperature, 
three  samples  are  usually  tested.  The  computer 
calculates  average  optical  densi t .'-versus-time, 
and  sample  temperature-versus-time  plots  and  also 
calculates  the  means  and  standard  deviations  for 
S,t$  and  S.I.  These  data  are  recorded  on  disc  and 
are  also  output  to  an  x/y  plotter  in  a  form 
similar  to  those  shown  in  Figure  5. 

Results 


High  Density  Polyethylene  E  HDPF  ] 

Figure  5  A  illustrates  the  data  obtained  with  an 
uncrossl inked  high  density  polyethylene  at  400°C. 
The  samples  pyrolysed  without  undergoing  self¬ 
ignition  and  the  smoke  evolved  was  in  the  form  of 
a  grey  aerosol.  In  Figure  5  B  we  see  what 
happened  at  550°C.  Here  the  samples  self-ignited 
after  about  20  seconds  and  black  sooty  smoke  was 
produced  for  a  short  time. 

Because  the  results  are  stored  by  the  computer  it 
is  relatively  easy  to  measure  smoke  plots  of  this 
type  over  a  wide  range  of  temperatures  and  then  to 
generate  a  composite  "uD"  plot  illustrating  the 
overall  behaviour  of  a  material.  Figure  6  shows 
such  a  plot  for  HDPE.  Several  features  are  imme¬ 
diately  apparent,  e.g. 

a)  -  Smoke  is  produced  more  rapidly  as  the 

temperature  increases. 

b)  -  There  is  a  clear  difference  between  the 

pyrolysis  region,  belgw  the  self-igni¬ 
tion  point  (Tig  420  C),  and  the  combust¬ 
ion  region,  above  Tig. 

c)  -  Above  Tjg  the  smoke  plots  are  all 

similar. 

d)  -  The  temperature  at  which  smoke  starts  to 

be  produced,  T„  ,  is  about  295<>C. 

Some  of  these  features  are  more  easily  appreciated 
if  the  total  smoke,  S,  is  plotted  against  tempera¬ 
ture  -  see  Figure  7.  Here  the  discontinuity 
between  flaming  (>Tig)  and  non-flaming  (<Tig) 
degradation  is  clear.  Below  Tig,  S  rises  rapidly 
with  increasing  temperature  from  zero  at  ^  295°C. 


HDPE 


t /seconds 


FIGURE  5  -  Typical  smoke  v.  time  plots 
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cm 


FIGURE  6  -  1 3-D'  Smoke  plot,  HDPE 


(To)  up  to  7500  cm2g_1.  Above  Tig,  S  gradually 
decreases  from  3500  cm2g_1  to  2000  cnrg-1  at 
900°C. 


Edgerley  and  Pettett  have  suggested  that  a  useful 
measurement  is  the  area  under  a  total  smoke-versus- 
temperature  curve  5.  Such  a  measurement  would 
represent  the  smoke  potential  of  a  substance  in  a 
situation  where  all  temperatures  in  the  chosen 
range  were  equally  represented.  A  sensible  range 
would  be  from  200°C  to  900°C  since  9D0°C  is  the 
upper  limit  of  our  apparatus  and  no  substance  that 
we  have  tested  to  date  produces  smoke  below  200°C, 
the  lower  limit  of  our  apparatus. 

We  can  then  define  a  quantity  S  by  the  equation 


S  =  1  f'2  S.dT 

T:  *  h  J  T, 

where 

Tr  =  900°C  and  T,  =  200°C 


(ID 


FIGURE  7  -  S  v.  T  Plot,  HDPE  * 


S’  is  then  the  average  total  smoke  value  between 
200°C  and  900°C.  For  HDPE  S  is  2340  cm2g_1. 


Error  bars  represent  +  one  standard  deviation 
(!)  from  the  mean,  where  . 


Figures  8  and  9  illustrate  how  tj  and  S.I.  vary 
with  temperature  for  HDPE. 

An  average  smoke_index  S71 .  can  be  calculated  in 
the  same  way  as  S,  and  for  HDPE, 

S.I.  =  99.6  cm?g"1s"1 
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FIGURE  8  -  tj  v.  T  Plot,  HDPE 


FIGURE  9  -  S.I.  v.  T  Plot,  HDPE 


Poly(phenylene-ether-ketone) ,  E  PPEK  I 

In  Figures  10  to  13  we  can  see  how  the  various 
plots  discussed  above  differ  for  a  commercial 
poly(phenylene-ether-ketone) ,  a  'high-performance' 
polymer.  Again  several  features  are  immediately 
apparent  from  the  '3-0'  plot  (Figure  10)  ; 


FIGURE  10  -  '3-D'  Plot,  PPEK 
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The  total  smoke-versus-temperature  plot  (Figure  11) 
again  shows  a  discontinuity  at  Tig.  Below  Tfg,  S 
rises  from  zero  at  505°C  to  a  maximum  value  of 
■v  2500  cm2g~'.  Above  Tig,  S  is  roughly  constant  at 
n-  1500  cm2g_1.  I  is  794  cm2g-',  and  sTl.  is 
33.3  cm2g-ls_1. 

The  behaviour  of  another  poly{phenylene-ether- 
ketone)  to  which  we  had  added  a  small  amount  of  a 
smoke  suppressant  is  also  illustrated  in  Figures 
11  to  13.  The  smoke  hazard  from  this  material  is 
not  significantly  different  below  Tig,  but  in 
flaming  conditions  above  Tig  it  is  substantially 
reduced.  5  is  491  cm2g''  ana  ’5717  is  14.5  cm2g'"'s"‘. 
These  data  serve  to  emphasise  the  usefulness  of 
these  measurements,  as  the  difference  in  the  smoke 
producing  potential  of  these  two  materials  would 
not  be  evident  from  small  scale  tests  which  use 
relatively  low  radiant  heat  fluxes,  such  as  the 
NBS  smoke  chamber. 

A-  a  commercial  PPEK 


B-  a  smoKe  suppressed  PPEK 


FIGURE  11  -  S  v.  T  Plots,  PPEK 

A  Halogen-free  Flame  Retarded  Cable  Jacket 
Compound" 

Figures  14  to  17  illustrate  the  behaviour  of  a 
halogen-free  flame  retarded  cable  jacket  compound. 
The  '3-D'  plot  shows  that  the  material  produces 
low  levels  of  smoke  over  the  whole  temperature 
range.  As  in  the  previous  examples  there  are  two 
distinct  regions  -  pyrolysis  and  combustion.  In 
the  pyrolysis  region  S  rises_  from  zero  at  340°C 
to  a  maximum  of  1500  cnrg”1  '  at  425°C  and  then 
falls  to  %  900  cm2g-1  at  just  below  Tje  (525°C). 
In  the n combustion  region  S  rises  slightly  fromo 
240  cm2g_1  just  above  Tig  to  320  cm2g_r  at  650°C 


300  500  700  900 

Temperature  /°C 

FIGURE  12  -  t)  v.  T  Plots,  PPEK 


FIGURE  13  -  S.i.  v.  T  Plots,  PPEK 
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FIGURE  14  -  '3D'  Smoke  plot,  FR  Cable  Jacket 


and  then  falls  to  less  than  40  cm2 g" 'above  850°C. 

§  is  303  cm2g-;  and  5717  is  9.6  cm2g-'s-'.  A 
summary  of  properties  is  given  in  Table  3  together 
with  the  corresponding  data  obtained  from  the 
other  materials  discussed  above. 

Conclusions 

The  apparatus  described  gives  useful  smoke  data 
rapidly  and  reproducibly  using  small  samples. 

Temperature,  and  hence  radiant  heat  flux,  has  been 
shown  to  have  a  major  effect  on  smoke  generation. 
Results  show  that  the  measurement  of  smoke 
production  at  one  particular  temperature  or  heat 
flux  could  be  misleading. 

References 

1.  Malhotra  H.L.,  Rogowski  B.F.W.  and 
Raftery  M.M.,  'Smoke  tests  -  a  critique' 
Conference  on  Smoke  and  Toxic  Gases  from 
Burning  Plastics  -  QMC  Industrial  Research  and 
the  Fire  Research  Station,  London,  Jan.  1982. 

2.  Edgerley  P.G.  and  Pettett  K.,  Fire  and  Materials 
4  (2),  104,  1980  'Further  variations  of 

smoke  density  with  heat  flux'. 

3.  Brown  L.J.Jr.,  Federal  Aviation  Administration 
Report  No  FAA-RD-79-26,  1979.  ’Smoke  emissions 
from  aircraft  interior  materials  at  elevated 
heat  flux  levels  using  modified  NBS  smoke 
chamber'. 


FIGURE  15  -  S  v  T  Plot,  FR  Cable  Jacket 


4.  AFNOR  NF-T51-073,  September  1977. 

5,  Edgerley  P.G.  and  Pettett  K.,  Fire  and  Materials 
2  (1),  11,  1978  'The  effect  of  pyrolysis  and 
combustion  temperatures  on  smoke  density'. 


International  Wire  &  Cable  Symposium  Proceedings  1982 


435 


FIGURE  16  -  t|  v  T,  FR  Cable  Jacket 


FIGURE  17  -  S.I.  v  T,  FR  Cable  Jacket 


TABLE  3 


Smoke  Properties  -  Comparative  Data 


HOPE 

PPEK 

A 

Ml 

Halogen  free  FR 
cable  jacket 

S'  /  cntfg'i 

2340 

794 

491 

303 

S.I.  /  cm2g"1s'1 

99.6 

33.3 

14.5 

9.6 

To/°C 

295 

505 

515 

340 

Tig  !  c 

420 

625 

650 

525 

Maximum  S  /  cnvg"1 

7500 

2500 

2500 

1500 

T  at  maximum  S  /°C 

415 

620 

645 

425 

Maximum  S.I.  /  cm2g"1s"1 

270 

175 

40 

21 

T  at  maximum  S.I.  1° C 

900 

900 

900 

520 
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A  NEW  CONSTRUCTION  OF  HALOGEN-FREE  FLAME 
RETARDANT  INSULATED  WIRE  WITH  DOUBLE  LAYERS 


S.  Yamamoto,  M.  Nishimura,  A.satou,  H.  Nakae  and  S,  Fujimura 


The  Furukawa  Electric  Co.,  Ltd. 

6  1  Marunouchi  2  chome,  Chiyoda  ku,  Tokyo  Japan 


Summary 

A  few  halogen-free  materials  with  highly  flame 
retardant  properties  have  been  so  far  reported 
for  cable  use,  but  none  of  them  have  been  devel¬ 
oped  for  insulated  wires  to  attain  t/L  Std.62 
VW-1  Flame  Test. 


The  authors  were  successful  in  developing  a 
halogen-free  insulated  wire  by  using  n  combina¬ 
tion  of  the  newly  developed  halogen-free  highly 
fla  e  retardant  material  and  double  layers  con¬ 
struction.  The  new  construction  consists  of  the 
outside  Layer  of  a  highly  flame  retardant  special 
ethylene-vinyl  acetate  copolymer  and  the  inside 
layer  of  common  polyolefin.  These  double  layers 
are  simultaneously  extruded  through  the  fixed  die 
to  cover  a  conductor  and  then  cross  linked  by  an 
electron  accelerator.  This  insulated  wire, 
passing  flame  tests  like  IEEE-383  or  UL  Std.62 
VW-1  and  having  excellent  mechanical  and  electri¬ 
cal  properties  that  satisfy  LOCA  Test  require¬ 
ments  in  IEEE-323,  finds  not  only  a  particular 
application  to  nuclear  power  plants,  but  also 
other  wide  applications  to  appliance  wires  in 
general  use  because  of  the  capability  of  con¬ 
tinuous  40,U00  hour  service  at  110°C  and  high  oil 
resistance.  In  addition  to  the  inherent  halogen- 
free  composition,  surprisingly  the  observed  CO 
generation  was  one-fifth  that  of  natural  poly¬ 
ethylene  and  no  black  smoke  was  produced  in  com¬ 
bust  ion . 


1.  Introduction 


To  protect  peripheral  equipment  from  corrosive 
gaseous  HC1  and  prevent  formation  of  black  smoke 
and  toxic  gases  during  combustion  of  halogen 
compounds,  a  few  halogen-free  materials  with 
highly  flame  retardant  properties  have  so  far^?\ 
been  studied  for  cable  use  in  nuclear  power 
plants,  underground  railways  and  ships.  For 
internal  wiring  in  appliances,  however,  halogen- 
free  insulated  wires  that  pass  the  flame  test  of 
UL  Std.f>2  VW-1  have  not  been  developed.  Flame 
retardant  XL-PVC  or  XL-FRPE  insulated  wires  now 
in  use  produce  halogen  gases  when  the  wires  are 
used  at  high  temperature  for  a  long  term,  thereby 
corroding  the  periphery  equipment.  Amplifier 
relay  circuits,  which  are  liable  to  excessive 
temperature  rise,  pose  an  especially  difficult 
prob lem. 


cA 


To  obviate  such  problems,  halogen-free  compounds 
can  be  used  for  insulation.  These  prevent  the 
corrosion  of  equipment  due  to  halogen  compounds. 
However,  if  an  attempt  is  made  to  achieve  the 
VW-1  grade  with  ordinary  polyolefine  or  poly” 
olefine  copolymer  by  using  aluminum  hydrates,  it 
is  necessary  to  impregnate  aluminum  hydrates  of 
2-3  times  the  polymer.  The  natural  conxvquou  e 
is  that  the  superior  mechanical  and  electrical 
properties-  inherent  to  the  polymer  will  he  sub¬ 
stantially  reduced,  thus  making  it  unusable  as 
an  insulation  material. 

We  have  overcome  this  problem  by  dove } op i ng 
wires  ol  cross  I  inked  doub I e— 1 aver  insulation 
construct  ion : 

1)  an  outer  layer  of  a  newly- developed  special 
ethylene- vinyl  acetate  copolymer  (Special  KVA) 
which  is  highly  flame  retardant  and  vet  has  a 
brittleness  temperature  as  low  as  -Jo  and 

2)  an  inner  layer  ol  common  polyolefine  with 
excellent  mechanical,  w.i  t  c  r-  tvs  i  s  t  ant  and 
electrical  properties. 

Properties  of  Special  EVA  and  test  results  of 
wires  for  appliance  wiring  and  for  general  w-irijig 
of  trial  manufacture  are  presented  in  this  paper. 

2.  Properties  of  Special  EVA 

2.1  Non  corrosive  Special  EVA 

Non-corrosive  Special  EVA  contains  no  halogen 
compounds.  Consequently,  it  does  not  corrode 
me  Lais. 

The  results  of  tests  using  the  ASTM  |)2<>7!  Cor¬ 
rosion  Testing  Method  A  are  shown  in  Tabic  ). 
X1.-PVC  and  XL-FRPE  do  c<’rrod»‘  metals. 


Table  1.  Corrosive  Property 


usm  fi. ' 


Materials  ' 

01 

1 

Condition  1 

Rrsuft 

XL-PVC 

29 

180  CX17hr 

Fail 

XL-FRPf 

29 

180  CX  17hr 

Fail 

XL  EVA 

5.  per 

48 

mm 

180  C  X  1 7hr 

Pass 

•  f  r,  ■  n»rf1  »'V( 

•  *  C me.  |-n*rd  "imi'  RC  "iVt -t  r| 

*  *  (*.••«'  nfcrrt  S,„  .»>  f  IM 
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2.2  Smokelessness 


Fig.  1  Oxygen  Indexer  and  Smoke 

Optical  Density  Measuring  Device 


The  smoke  optical  density,  Cs  max.,  and  the  gases 
produced  by  combustion  of  various  materials  are 
shown  in  Table  2.  Special  KVA  produces  scarcely 
any  smoke  and  transmits  about  90%  or  more  of 
Light.  Also,  its  CO  generation  is  one- fifth  that 
of  flammable  polyethylene. 

Table  2.  Smoke  Optical  Density  and 
Cas  Formation 


Materials 

01 

Smoke  Optical  Density 
(Cs  mas.) 

Cas  (mg/g) 

HC/ 

CO 

CO; 

XL-PVC 

29 

4.8 

290 

100 

900 

XL-FRPE 

29 

3.2 

180 

200 

1200 

XL-EVA 

spec 

i.£ 
p  00 

0.2 

0 

34 

850 

Xt-PE* 

18 

0.02 

0 

170 

1250 

*  *  *  *  None- flamer etardant  PE 


Method : 

•Determination  of  smoke  optical  density, 

Cs  max.,  by  JIS  D1201  (1973). 

The  concentrat ions  of  smoke  produced  by  com¬ 
bustion  of  materials  at  the  01  value  of  0.5 
higher  than  that  of  each  material  were  obtained 
with  the  device  shown  in  Fig.  1. 

r  ,2.3,  ,  ,  100  . 

Cs  max  *  (  ~)  log.n(— ) 
c  inun 

where:  Cs  max  =  smoke  optical  density 

(maximum  light  reduction 
coefficient  per  lm) 

I.  =  light  path  length,  0.3m 
Tmin  =  minimum  transmission  rate  at 
the  time  of  maximum  smoke 
emission,  %.  3) 

•Determination  of  gases  produced  by  combustion. 

A  0.5g  specimen  is  placed  in  the  heating  oven 
shown  in  Fig.  2  and  kept  at  800°C  for  30  min. 
Halogen  is  trapped  by  a  sodium  hydroxide  solu¬ 
tion.  This  is  expressed  as  the  amount  of  HC1 
according  to  the  silver  nitrate  method  described 
by  JIS  K0107  (1967).  The  other  gases  are 
analyzed  separately  by  gas  chromatography.  The 
heating  conditions  are  800°C x  10  min. 


r 

L 


Unit  (mm) 


Fig.  2  Halogen  Gas  Sampler 


Sample  0.5g 


Air 


MW 


A 


Heater 

800  C  -  30m in 


t 


R 


Sodium  Hydroxide 
Solution 


excellent  oil  resistance  and  heat-aging  properties. 
As  a  plastic  offering  such  high  f l ame-rot ardant 
properties  as  01  48,  UL  94V-0,  by  addition  of 
aluminum  hydrates,  it  retains  excellent  mechani¬ 
cal  properties,  such  as  a  5  307.  elongation  at 
ruptures  and  a  brittleness  temperature  as  low 
as  -20°C . 


Table  3.  Properties  of  Special  EVA 


36.5  x 


where  : 


0.1 


W 


1000/50 


quantity  of  HC1  produced,  mg/g 
consumption  of  0.1N  ammonium 
thiocyanate  solution,  m£ 
quantity  of  0. IN  ammonium  thio¬ 
cyanate  solution  consumed  bv  a 
b 1 ank  test ,  m?  * 


2.3  Mechanical,  Electrical  and  Flame 
Retardant  Properties 


The  mechanical,  electrical  and  flame  retardant 
properties  of  crossl inked  Special  EVA  are  shown 
in  Table  3.  The  tensile  strength  is  0.6  kg/mm‘ 
-  less  than  half  that  of  PVC  -  however,  it  has 


(Crosslinked  by  Radiation) 


Test 

Units 

Method 

Typical  Value 

Tensile  Strength,  min. 

kg/ mm' 

JIS  K6723 

06 

Elongation  at  Rupture,  min 

% 

JIS  K6723 

550 

Air  Oven  Aging.  168  hr  at  150  C 
Tensile,  min.  Retention 

% 

JIS  K6723 

90 

Elongation,  min.  Retention 

% 

JIS  K6723 

85 

Oxygen  Index,  min. 

JIS  K7201 

48 

Brittleness  Temperature 

C 

JIS  K6723 

-?o 

Immersion  in  ASTM  Oil  No  2 

4  days  at  100  C 

Tensile,  mm.  Retention 

% 

UL62 

120 

Elongation,  min.  Retention 

% 

105 

Heat  Distortion, 

121 X.  ?kg.  max 

% 

UL6? 

5 

Volume  Resistivity 

H-cm 

JIS  K6760 

1  1X10" 

Flammability 

UL94 

V-0 
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3.  Trial  Manufacture  and  Evaluation  of 
Wires  with  Double-layer  Insulation 
for  Appliance  Wiring 

Special  EVA  is  applicable  only  to  particular  low- 
voltage  wires  because  of  its  low  tensile  strength 
and  low  dielectric  strength  -  1.1  x  1013ft.cm. 
Therefore,  the  possibility  of  making  up  for  these 
deficiencies  in  mechanical  strength  and  electri¬ 
cal  properties  with  a  separate  polymer  was 
investigated.  The  inevitable  conclusion  was  that 
the  application  of  a  polymer  blending  technique 
would  degrade  the  excellent  flame  retardant 
properties  of  Special  EVA  with  no  appreciable 
improvement  in  its  electrical  properties. 

Thus,  a  double-layer  insulation  configuration 
employing  a  polymer  with  excellent  mechanical 
and  electrical  properties  around  the  conductor 
was  investigated.  As  the  inner  layer  insulation 
an  ordinary  LDPE  with  tensile  strength  of  2.3 
kg/iran2 ,  elongation  of  730%  and  M.I.  0.3  was 
adopted. 

In  the  manufacture  of  this  double-layer  insula¬ 
tion  wire,  a  double-layer  fixed  die  originally 
developed  by  The  Furukawa  Electric  Co.,  Ltd. 4) 
was  employed  and  then  crossl inked  by  an  electron 
accelarator . 

The  construction  of  the  trial  manufacture  sample 
is  shown  in  Fig.  3,  and  the  layout  of  the  fixed 
die  in  Fig.  4. 


3.1  Details  of  trial  manufacture  samples 

By  adopting  three  sizes  of  typical  conductors 
commonly  used  as  appliance  wires,  and  varying 
the  insulation  thickness  of  the  I.DPE  inner  layer 
and  special  EVA  outer  layer,  respectively,  23 
kinds  of  wires  were  manufactured  on  a  trial 
basis.  Table  4  shows  the  construction  of  each 
sample . 


Table  4  Test  Sample  Description 


Conductor 

Tint  knctt  of 

Thichnett  of 

Outer 

T*  Pe 

Diameter 

In  tide  layer 
<»>  mm 

- 

<<  <i  .i,») 

O 

0  70 

0 

0  07 

0  18 

0  1 

0  03 

0  If 

0  lb 

4 

0  04 

0  16 

O  7 

0  0b 

O  lb 

0  Pb 

6 

0  4  .p  Copper 

0  4 

0  07 

0  13 

O  80 

0  3b 

0  09 

0  U 

0  10 

0  10 

0  b 

O  13 

007 

0  6b 

0  lb 

0  0b 

0  7b 

II 

0  17 

0  03 

0  8b 

0  10 

0  40 

0  7 

13 

O  lb 

0  3b 

0  3 

14 

20  0  18  Strand 

0  70 

O  30 

0  4 

lb 

0  bmm 

1  0 

O  7b 

0  7b 

7  0 

0  b 

16 

Tinned  Copper 

0  30 

O  20 

0  6 

II 

0  3b 

o  ib 

18 

0  40 

0  10 

0  8 

— 

0  10 

O  bO 

O  17 

20 

0  lb 

0  4b 

0  2b 

3?  0  26  Strand 

0  70 

0  40 

0  33 

2  0mm  ■ 

1  R 

0  2b 

0  3b 

3  0 

0  47 

Tinned  Copper 

0  30 

0  30 

0  b 

24 

0  3b 

0  7b 

0  b8 

2b 

0  40 

0  70 

0  67 

3.2  Measurement  Results 


3.2.1  Elongation  and  tensile  strength 


Fig.  3  Construction  of  Test  samples 


Figure  3  shows  a  typical  stress-strain  curve. 

The  tensile  test  of  the  insulation  was  conducted 
at  a  pulling  speed  of  500m/min  on  a  gauge  mark 
of  1  inch  in  accordance  with  UL  62. 

Figures  6  and  7  show  the  elongation  and  tensile 
strength  values,  respectively. 

The  elongation  of  PVC  or  XLPE  required  by  UL  62 
is  over  100%.  However,  since  all  samples  show 
elongations  of  over  330%,  all  satisfy  the  standard 

The  tensile  strength  requirement  under  UL  62  is 
more  than  1300  psi  (1 . 03kg /cm" ) ,  so  the  inside 
layer  ratio  should  be  set  to  0.23  or  more. 


Fig.  4  Fixed  Die  for  Double  Layers 
Extrusion 


EVA  spec. 


3.2.2  UL  62  VW *1  flame  test 


Conductor 


LOPE 


In  the  UL  62  VW- 1  flame  test,  with  natural  or 
propane  gases  as  a  gas  source,  a  flame  of  a  given 
length  is  applied  to  the  wire  such  that  the 
flame's  blue  core  touches  the  wire  5  times  for  13 
sec  each  time.  The  testing  device  is  shown  in 
Fig.  8. 

The  judgment  factors  are: 

1)  The  specimen  should  not  flame  longer  than  60 
sec  after  any  application  of  flame.  2)  No  more 
than  25%  of  the  kraft  paper  should  he  burned  or 
charred.  3)  The  absorbent  cotton  should  not  be 
burned . 


The  test  results  for  each  wire  are  shown  in 
Fig.  9,  the  0.5mm2  wire  is  most  flammable,  and 
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its  inside  layer  ratio  should  be  maintained  at 
0 . 3  or  less . 

3.2.3  Dielectric  breakdown  strength  and 
insulation  resistance 

After  a  1  hr  immersion  in  water,  all  30  m  long 
wires  were  subjected  to  measurements  of  dielectric 
breakdown  strength  and  insulation  resistance.  The 
results  are  shown  in  Figs.  10  and  11. 

A  dielectric  breakdown  strength  at  3500V /min  or 
more  is  sufficient  for  practical  applications. 

This  wire,  with  a  breakdown  strength  of  over 
8,000V  when  the  inside  layer  ratio  is  0.1,  is 
adequate  for  practical  use. 

The  assured  insulation  resistance  is  250Mik*km  or 
more  for  common  PVC  and  25()OML*km  or  more  for 
FR-PK.  The  assured  range  of  this  double-layer 
insulated  wire  is  1000ML*km  or  more. 

3.2.4  Optimal  inside  layer  ratio 

The  worst  wire  in  terms  of  flammability  properties 
is  0.5mm2  conductor  wire.  If  the  inside  layer 
ratio  is  raised  above  0.4  for  0.5mm  wire,  the 
wire  is  disqualified  for  VW- 1 . 

However ,  if  the  inside  layer  ratio  is  reduced  to 
the  extreme,  the  tensile  strength  will  fall  below 
1.03kg/mm‘.  Consequently,  a  ratio  somewhere 
around  0.3  is  optima!. 

Further,  in  the  case  of  <k).4  and  2.0mm2,  an  inside 
layer  ratio  as  low  as  0.5  is  permissible.  Of 
course,  a  larger  inside  layer  ratio  affords  higher 
tensile  strength  and  better  electrical  properties. 

3.2.5  Typical  properties  of  double  layer 
insulated  appliance  wires 

A  comparison  was  made  between  the  major  properties 
of  t he  double- layer  insulation  and  the  PVC  insu¬ 
lation  UL  style  100/.  The  results  are  shown  in 
fable  5.  The  double- layer  insulated  wire  is  far 
superior  in  air-oven  aging  and  oil-resistance 
properties  and  is  adequate  for  use  as  the  UL  10)  C 
rating  grade. 


Table  5  Comparison  of  Properties 
with  PVC  Wire 


t.ir 

Mjlngrn  f  re»  Iijmr  R.t.rtUnt 
Iniul.itnl  Ni<»  »ilh  DnulUr  Liye'i 
(Sample  No  ''1 

Ul  100' 

(None  Crosslink  eel  PVC) 

01  Vjliw 

(1050 

t  m*  mm 

1  7  5 

1  05 

I  t 

580 

250 

100 

i 

94  % 

112  8 

’5 

(  1 

Ret*  o  lion 

94  *o 

89  1 

65 

•  1 

r  s 

R.tonfinn 

90  6  % 

1102 

l  l 

R»t*n»ion 

8/2  % 

56 

ISO  C 

r  s 

9/  5  % 

i  t 

*>  2 

»St«  He  ’ 
mnr  «>.. 

T  s 

Rrtwlun 

94  % 

17)  3 

80 

1  1 

ftHenlisn 

109  % 

68  8 

80 

H..t  Dtilortton  (Ulfc.’l 

l/OC  'TO 0* 

40  "i 

n  o 

50 

to  Soft  Soiilor 
(Mil  W  IfiS/S  0) 

p*\\ 

UmI  Vwt 

P»« 

(150C-  in*) 

Pill 

(H6  C  •  Ihr) 

CflM  (WnO 

i  too 

Pjii 

1  10  Cl 

Fig.  5  Stress  Strain  Curve  of  Insulation 
with  Double  Layers 


Elongation  (%) 


Fig.  6  Elongation  of  Insulation 


Fig.  7  Tensile  Strength  of  Insulation 
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Flame  Test  Device  For  UL62  VW-1 


Fig.  11 


Insulation  Resistance  of  Wire 


mm 

A 

19.0S 

B 

12.7 

C 

254.0 

D 

38.1 

mm 

E 

101.6 

F 

457.2 

G 

76.2 

H 

241.3 

Fig.  9  Flammability  of  Wire 


Inside  Layer  Ratio 


4.  Application  to  Wires  for  General  Wiring 

Unlike  appliance  wires,  general  wiring  cables 
require  water  resistance  as  well  as  flame 
retardance  satisfying  the  requirement  for  laying 
cables  in  vertical  trays  in  IEEE  383.  Further¬ 
more  cables  used  in  nuclear  power  plants  should 
clear  the  LOCA  test.  A  test  was  made  to  deter¬ 
mine  whether  halogen-free  double- laver  insulation 
can  satisfy  these  requirements. 


10  000 


$.000 


1.000 

500 


0  4 i/i  Copper  Conductor 


0  5  10 

Inside  Layer  Ratio 


4.1  Sample 


Assuming  a  bOOV  rating,  the  sample  shown  in 
Table  b  was  manufactured  on  trial  for  evaluation. 


4.2  Measurement  Results 


The  measurement  results  are  shown  in  Table  7. 

Since  the  LOCA  test  would  take  100  days  if  it  were 
conducted  in  exact  conformity  with  IEEE  321,  a 
short-term  evaluation  method  based  on  IEEE  123  was 
emp loved . 

The  LOCA  test  conditions  are  shown  in  Fig.  12. 

The  ha  1  ogen- f  ret*  double- laver  insulated  wires 
passed  the  IEEE  381  flame  test  as  well  as  the 
water- resistance  and  LOCA  tests  which  were  con¬ 
sidered  difficult  for  Xl.-l’VC  or  XL- FREE  wires  to 
c  l  ear . 

Table  6  Dimensions  of  Test  Sample 

Conductor  |  C3«.‘-  ■ 

i 

Inside  Layer  Rat  a  ,  0  '5 
Outer  Duimater  2  ’• 


Table  7  Properties  of  Double  layer 
Insulated  Wire 


Test 

Method 

Units 

Typical 

Value 

ftequirmenu  ot  UL44 

Class  XL  Thermosets 

Tensile  Strength 

IIL  44 

kit  "if 

I  05 

1  05 
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UL  44 

% 

4  50 

150 

Capacitance  &  Stability  Factor 

UL44 

Specific  Inductive  Capacity 
after  2  4  hr 

UL44 

4  8 

f> 

Capacitance  at  14days 
Capacitance  at  2 4  hi 

% 

100 

no 

Capacitance  at  14days 
Capacitance  at  ^days 

% 

100 

104 

Stability  Factor" 

0  08 

, 

at  I4day$ 

S  f '  at  Mdiys 

0  283 

0  5 

IEEE 383 

Vertical  Tray  Flame  Test 

IECE383 

Pays 

- 

LOCA  Test 

Baaed  on 
IEEE323" • 

Pass 
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Fig.  12  LOCA  Test  Conditions 
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A  cross l inked  ha  logon- f rec ,  doublo-laver  insulated 
wire  that  supersedes  PVC,  Xl.-PYC,  and  XL-KRPt 
insulated  wires  for  appliance  wiring  was  developed. 
This  wire  lias  non-corrosive  properties  and  high 
ilarce  retardanee  satisfving  I'L  <>2,  VW- 1  .  Further- 
mere,  the  halogen-free,  double-laser  insulated 
wire  for  general  wiring  has  passed  all  the  water 
resistance  test  under  Cl.  V* ,  the  vertical-tray 
flame  test  under  IEEE  383  and  the  l.OCA  test  based 
on  IKKK  32  3.  The  newlv  developed  lia  1  ogen-t  ree , 
double-layer  insulation  is  applicable  to 
appliance  wires  for  continuous  use  over  90,000 
hours  at  UO'C,  control  and  power  cables  tor 
general  use  such  as  buildings,  subways,  and  ships, 
and  cables  and  wires  for  nuclear  power  plants. 

In  addition  tv)  the  inherent  halogen-free  composi¬ 
tion,  surprisingly  the  observed  CO  generation  was 
one-fifth  that  of  natural  polyethylene  and  no 
black  smoke  was  produced  in  combustion. 


Photo  1  Cross  Section  of  Halogen-Free 
Flame  Retardant  Insulated  Wire 

[Conductor:  2.0  mm^ 

O  .D  .  :  3.0  mm  [ 

[inside  Layer  Ratio:  0.42J 


Photo  2  IEEE  383  Flame  Test 

Sample:  Halogen  Free  Insulated  Wire 

Conductor:  0.8d 
O .  D  .  :  2.4  mm 

Inside  Layer  Ratio:  0,35^ 
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BANDWIDTH  CHARACTERIZATION  OF  FIBER  WAVEGUIDE 
SYSTEMS  WITH  FUSION-SPLICED  MULTIMODE  CRADED-INDEX  FIBERS 
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(  Abstract 

Fiber  splice  losses  and  the  effect  of  splices 
upon  the  overall  loss  of  built  up  connections 
have  received  considerable  attention  In  the 
literature  from  both  a  theoretical  and 
experimental  viewpoint. *  The  methods  for 
determining  system  bandwidth  from  measure¬ 
ments  on  Individual  fiber  lengths,  and  the 
effect  of  splices  upon  system  bandwidth,  on 
the  other  hand,  still  is  a  subject  of  much 
debate.  In  this  paper,  several  different 
approaches  found  in  the  literature  are 
reviewed,  some  results  from  bandwidth 
measurements  trade  at  850  nm  on  built-up 
system  lengths  of  telecommunications  grade, 
multimode,  graded-index  fibers  using  both 
time  domain  and  frequency  domain  measurement 
techniques  are  presented  and  the  effect  of 
fusion  splices  upon  bandwidth  is  examined. 

The  accuracy  of  the  often-used  approximate 
method  of  bandwidth  determination  from  pulse 
broadening  measurements  assuming  a  Gaussian 
shaped  fiber  transfer  function  also  is  eva¬ 
luated  . 

Introduction 

When  a  communication  system  consists  of  con¬ 
ventional  transmission  media,  such  as 
balanced  cable  pairs  or  coaxial  cable, 
systems  engineers  confronted  with  the  task  of 
predicting  system  performance  face  no  appre¬ 
ciable  difficulty.  Armed  with  typical 
transmission  parameters  per  unit  length  for 
such  facilities,  and  statistical  bounds  on 
these  parameters,  one  can  mathematically 
extrapolate  the  data  using  established  proce¬ 
dures,  to  define,  with  reasonable  accuracy, 
the  overall  system  parameters.  Connectors 
and  splices  within  the  system  are  essentially 
transparent  (t.e.,  have  little  or  no  effect 
upon  the  transmitted  signal).  The  same  can¬ 
not  be  said  of  communication  systems  con¬ 
figured  from  multimode  graded-index  optical 
waveguides . 

To  provide  some  insight  into  the  reasons  for 
this  difference,  let  us  consider  the 
following  analogy.  Suppose  we  were  to  use, 
as  a  single  transmission  path,  a  cable  con¬ 
sisting  of  a  parallel  arrangement  of  a  large 
number  of  dissimilar  individual  conductors. 


each  with  its  own  pr'pagation  characteristics 
and  each  subject  to  mutual  electromagnetic 
interference  coupling  to  and  from  the  others. 

We  would,  in  order  to  define  the  frequency 
response  of  such  a  transmission  path,  be 
required  to  investigate:  (1)  how  the  Input 
power  divides  among  the  various  conductors, 

(2)  the  effect  upon  the  transmitted  power  of 
electromagnetic  coupling  between  the  conduc¬ 
tors,  and  (3)  the  effect  of  the  propagation 
characteristics  of  each  conductor  upon  that 
portion  of  the  signal  power  carried  by  it. 

To  complicate  things  even  further,  if,  at 
connectors  or  splices,  there  occurred  a 
"redistribution"  of  power  among  the  various 
conductors,  this  would  have  to  be  accounted 
for  in  a  built-up  system.  The  simple  task 
described  above  then  would  become  irach  more 
complex.  This  is  essentially  the  problem  the 
systems  engineer  faces  when  designing  a 
lightwave  system  using  multimode,  graded- 
index  optical  waveguides. 

As  the  name  implies,  a  nultimode  optical 
waveguide  is  a  single  transmission  facility 
wherein  the  input  signal  is  transmitted  over 
many  parallel  transmission  paths  (or  modes), 
each  with  its  own  power  input  charac¬ 
teristics,  each  subject  to  electromagnetic 
power  coupling  (here  called  distributed  mode 
coupling)  to  and  from  the  others  along  r. 
length  of  the  waveguide,  and  each  with  its 
own  axial  propagation  constant.  Furthermore, 
a  redistribution  of  power  amongst  the  modes 
(here  called  lumped  mode  coupling)  may  occur 
at  points  where  the  fibers  are  joined  by 
splices  or  connectors.  The  bandwidth  perfor¬ 
mance  of  a  built-up  system,  because  of  the 
situation  described  above,  will  at  least  be 
influenced  by  the  following  factors 

1.  Mode  Coupling  -  the  exchange  of  power 
among  modes 

(a)  distributed 

(b)  lumped 

2.  Differential  mode  delay  -  The  variation  in 
propagation  delay  that  occurs  because  of  the 
different  group  velocities  of  the  modes 

3.  Differential  mode  attenuation  -  The 
variation  in  attenuation  among  the 
propagating  modes. 
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It  has  been  ghown3»4,5  that  in  order  to 
accurately  predict  the  frequency  response  of 
systems  incorporating  tailtimode  fiber  wave¬ 
guides,  it  Is  necessary  to  combine  the  powers 
flowing  In  the  different  mode  groups  using 
rather  complex  mathematical  procedures  -  too 
complex  to  be  mutually  beneficial  to  most 
fiber  waveguide  cable  suppliers  and  users  - 
which  take  Into  account  the  factors  mentioned 
above.  A  considerable  amount  of  research 
effort  has  been  expended  during  the  past  few 
years  to  develop  simple  yet  accurate  methods 
of  defining,  measuring  and  using  the  propaga¬ 
tion  characteristics  of  multimode  fibers  to 
predict  system  performance.  In  spite  of  this 
effort,  and  even  though  the  application  of 
multimode  fiber  for  communications  is  well 
into  Its  second  decade,  it  was  stated  as 
recently  as  within  the  last  year  that 
"accurate  prediction  of  the  waveguide  band¬ 
width  from  measurements  on  individual  fibers 
within  a  link  is  still  very  much  a  problem". ^ 
Since  It  is  this  problem  which  we  wi 1  be 
addressing  In  this  paper  we  begin  by  repeating 
here,  as  a  point  of  reference,  the  generally 
accepted  definitions  of  fiber  bandwidth  and 
fiber  transfer  function  and  we  discuss  the 
accepted  measurement  procedures  for  them. 

Fiber  Bandwidth  av/  Fiber  Transfer  Function 

Fiber  bandwidth  is  defined  as  follows?: 

"The  lowest  frequency  at  which  the 
magnitude  of  the  fiber  transfer 
function  decreases  to  a  specified 
fraction  of  the  zero  frequency  value. 
Often  the  specified  value  is  one-half 
the  optical  power  at  zero  frequency". 


One  almost  universally  accepted  method  of 
measuring  the  fiber  transfer  function  and 
fiber  bandwidth  is  the  following:?  The  fiber 
is  excited,  under  carefully  controlled  con¬ 
ditions,  with  an  optical  pulse  of  short  time 
duration  and  narrow  spectral  width.  After 
transmission  through  a  length  of  fiber  the 
pulse  is  detected  at  the  output.  The  input 
and  output  pulses  are  transformed  from  the 
time  domain  to  the  frequency  domain,  to 
obtain  the  fiber  transfer  function,  using  the 
Fourier  transform  techniques  described  above. 

The  3  dB  optical  bandwidth  then  is  determined 
from  the  transfer  function  in  accordance  with 
the  foregoing  definitions.  The  procedure 
outlined  here  is  referred  to  as  a  "time-domain" 
measurement  of  the  fiber  transfer  function  and 
fiber  bandwidth.  The  measurement  of  the 
characteristics  directly  in  the  frequency 
domain  by  sinusoidally  modulating  the  light 
source  also  is  an  accepted  procedure^  and  is 
referred  to  as  a  "frequency-domain"  measurement. 

Although  these  procedures  are  suitable  for 
determining  the  bandwidth  performance  of  a 
length  of  fiber  (be  it  an  individual  length 
or  a  concatenation  of  Individual  lengths) 
they  provide  no  information  on  how  data  taken 
on  individual  fibers  may  be  used  to  deter¬ 
mine,  in  advance  of  measurement,  what  fre¬ 
quency  response  may  be  expected  to  be 
achieved  in  a  concatenated  length.  It  has 
become  common  practice  to  calculate  system 
bandwidth  from  bandwidth  data  obtained  on 
individual  fibers  using  an  assumed  length- 
dependency  factor  (y)  and  the  following 
expression: 

(BWS)-1/Y  =  Z  (BWjJ-I/y 


This  is  usually  designated  by  BW  (3  dbQ)  and 
referred  to  as  the  3  dB  optical  bandwidth. 

In  the  above  the  transfer  function  Is  defined 
as? : 

"The  complex  function,  H(f),  equal 
to  the  ratio  of  the  output  to  input 
of  the  device  as  a  function  of 
frequency.  The  amplitude  and  phase 
responses  are,  respectively,  the 
magnitude  of  H(f)  and  the  phase  of 
H(f).  Note  1.  For  an  optical  fiber, 
H(f)  Is  taken  to  be  the  ratio  of  output 
optical  power  to  input  optical  power 
as  a  function  of  modulation  frequency. 
Note  2.  For  a  linear  system,  the 
transfer  funct Ion  and  the  impulse 
response  h(t)  are  related  through 
the  Fourier  transform  pair,  a  common 
form  of  which  is  given  by 

H(f)  *  /  h(t)  exp  (1 2  7T  f  t  )  dt 
® 

and 

h(t )  -  j H(f)  exp  (-i2xft)  df 

*  “  D 

where  f  is  frequency" . 


where,  BWS  =  system  bandwidth  in  MHz 

BWj  =  measured  bandwidth  of  i-th  fiber 

When  the  concatenated  lengths  and  measured 
bandwidth-length  products  do  not  differ 
significantly  the  following  approximate  for¬ 
mula  may  be  used: 


where,  BW  =  the  average  bandwidth-length  pro¬ 
duct  in  MHz-km 

L  -  system  ^ength  in  kilometers 

y-factors  used  for  systems  capable  of 
operating  near  850  or  1300  nanometers  (single 
window)  range  from  about  0.7  to  0.8,  while 
for  systems  capable  of  operating  near  both 
850  and  1300  nanometers  (double  window) 
y  usually  is  assumed  to  be  0.9. 

Recognizing  that  the  above  is  an  approximate 
method,  many  researchers  have  invested  con¬ 
siderable  time  and  effort  recently  to  develop 
more  accuPate  alternate  procedures.  In  the 
following  section,  we  review  some  of  the 
more  recent  approaches  suggested  in  the 
literature  for  predicting  and/or  oplmlzing 
system  bandwidth. 
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Suggested  Approaches 

The  fiber  transfer  function  defined  above  is 
a  single  composite  function  of  frequency 
which  simultaneously  accounts  fo’*  the  power 
flow  in  all  modes.  The  relat ionshlp  between 
output  power  and  input  power  is  xpressed  by 
a  single  equation  of  the  form, 

P0(f)  -  H(f )  Pi(f) 

Holmes^  has  shown  that  the  solution  of  the 
coupled  power  flow  equations  for  mode  groups 
is  represented  by  M-dimensional  matrices, 
where  M  is  the  maximum  number  of  mode  groups 
in  the  fiber.  He  investigated  the  case 
wherein  the  modes  are  divided  into  low  and 
high  order  groups,  yielding  a  matrix  equation 
of  the  form, 


<P£>o 

Hu 

Hth 

(PfL)i 

“ 

X 

(ph)o 

: 

Hhl 

Hhh 

The  elements  of  the  2x2  power  transfer 
matrices  were  determined  for  two  1.1  km 
fibers  by  group  mode  filtering  and  applic¬ 
ation  of  the  transfer  function  measurement 
procedure  outlined  in  the  previous  section. 
The  frequency  response  of  the  2.2  km  length 
formed  by  splicing  the  two  fibers  was  pre¬ 
dicted  using  the  transfer  matrix  model.  The 
splice  was  accounted  for  in  the  calculations 
by  means  of  a  splice  matrix  of  the  form, 


Very  good  correlation  between  the  measured 
and  computed  frequency  response  was  reported 
for  a  splice  coupling  coefficient  c  *  0.5. 

Rodhe^  has  described  a  method  for  obtaining  a 
matrix  transfer  function  for  a  two-mode  fiber 
which  accounts  for  mode  coupling,  differen¬ 
tial  mode  delay  and  differential  mode  atte¬ 
nuation.  This  method,  which  utilizes 
least-square  optimization  to  obtain  the 
matrix  transfer  function,  requires  only  the 
measurement  of  the  transfer  function  and 
index  profile. ^  Of  course,  since  the  matrix 
equations  are  M-dimens ional,  computation  time 
will  increase  as  the  maximum  number  of  modes, 
M,  increases,  but  no  additional  measurements 
would  be  required.  The  length  dependence  of 
the  matrix  transfer  model  was  investigated 
and  very  good  correlation  between  measured 
and  calculated  results  was  observed.  The 
model  did  not  include  the  effect  of  splices 
but  it  appears  that  a  splice  matrix,  such  as 
that  proposed  by  Holmes  could  be  easily 
ao  ''d.  Application  of  the  model  to  a  con¬ 
catenated  length  with  a  target  number  of 
modes  should  be  of  Interest. 


Ohashi  and  colleagues^  derived  a  to ode 
transfer  matrix  which  accounts  for  mode 
coupling  at  a  fusion  splice.  A  2  km  length 
of  multimode  graded  index  fiber  was  cut  at 
the  midpoint  and  repeatedly  respliced,  the 
splice  loss  and  3  dBQ  bandwidth  being 
measured  each  time.  A  strong  relationship 
between  splice  loss  and  bandwidth  was 
observed.  For  fibers  with  similar  index  pro¬ 
files  the  bandwidth  increased  with  splice 
loss  due  to  increased  mode  coupling.  The 
slope  of  the  curve  was  quite  steep  in  the 
range  of  0  to  about  0.4  dB  splice  loss,  but 
approached  an  asymptotic  limit  beyond  this 
interval.  The  total  increase  in  bandwidth  in 
the  interval  from  0  to  0.25  dB  splice  loss 
was  approximately  10%.  For  fibers  with 
dissimilar  index  profiles,  on  the  other  hand, 
the  bandwidth  decreased  as  splice  loss 
increased.  Bandwidths  calculated  for  several 
values  of  splice  loss  using  the  mode  transfer 
matrix  model  were  in  very  good  agreement  with 
the  experimental  results.  A  continuous  10  km 
length  of  fiber  also  was  investigated.  One 
kilometer  sections  were  cut,  consecutively, 
from  the  output  end  and  the  bandwidth  was 
measured  on  the  remaining  section.  The 
fibers  then  were  respliced  in  reverse  order 
and  the  bandwidth  was  remeasured  after  each 
splicing  operation.  The  bandwidth  increase 
due  to  mode  coupling  at  the  splices  again 
was  found  to  be  about  10%  (corresponding  to 
1  -  0.96  for  a  10  km  system)  and  the  correla¬ 
tion  between  measured  data  and  that  calculated 
using  the  transfer  matrix  model  was  very  good. 

Love^  has  investigated  the  possibility  of 
system  bandwidth  optimization  and  prediction 
by  considering  modal  delay  equalization  in 
terms  of  peak  bandwidth  performance  as  a 
function  of  wavelength.  Two  fibers  with  peak 
handwidths  of  1.0  GHz-km  and  2.5  Ghz-km  at 
approximately  800  nm  and  1450  ran,  respec¬ 
tively  were  spliced.  Calculations  predicted 
that  the  peak  bandwidth  of  the  concatenated 
length  would  be  1.86  GHz-ktn  at  about  1100  nm. 
The  measured  result  was  in  very  good 
agreement  with  the  predicted  value.  This 
method  shows  excellent  promise  for  opti¬ 
mizing  system  bandwidth  by  Judicious  place¬ 
ment  of  the  fibers  in  the  built-up 
connection.  It  does,  however,  require 
spectral  bandwidth  measurements  on  the  indi¬ 
vidual  fibers  rather  than  a  single  measure¬ 
ment  at  a  proposed  operating  wavelength. 

Love  has  also  shown  that  for  operation  near 
the  wavelength  corresponding  to  peak  band¬ 
width,  the  bandwidth  decreases  with  length 
according  to  the  square  root  law  (y  *  0.5)  up 
to  approximately  a  limiting  length  l6  which 
is  quite  long  for  fibers  in  current  produc¬ 
tion.  Operation  at  or  near  the  peak  band¬ 
width  wavelength  is,  therefore,  very 
desirable;  or,  stated  another  way,  manufac¬ 
ture  of  fibers  with  peak  bandwidth  wave¬ 
lengths  near  the  proposed  operating 
wavelength  is  highly  desirable. 
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Tanlfuji1^  investigated,  both  analytically  and 
experimentally,  the  effect  upon  modal  delay 
compensation  of  deviations  from  a  power  law 
function  for  the  index  profiles  of  spliced 
fibers.  A  model  for  the  index  profiles  based 
on  a  polynominal  representation  rather  than  a 
square  law  representation  was  developed. 
Concatenated  bandwidths  (assuming  no  lumped 
mode  coupling  at  splices)  were  predicted 
using  the  model  and  results  were  verified 
experimentally.  Comparison  also  was  made  to 
predicted  bandwidths  using  the  power  law 
model  for  the  index  profiles.  It  was 
concluded  that  fibers  for  which  the  index 
profiles  deviate  from  a  power  law  function 
exhibit  much  lower  levels  of  modal  delay  com¬ 
pensation  than  would  be  predicted  using  a 
power  law  representation  for  the  profiles, 
but  that  the  polynominal  representation  is 
capable  of  predicting  the  frequency  response 
within  about  5%. 

Wright  and  Nelson^  investigated  lumped  mode 
coupling  effects  at  splices  for  a  segment 
consisting  of  three  spliced  fibers  wherein 
each  fiber  had  a  twin-peaked  impulse 
response.  Twin-peaked  Gaussian  models  of  the 
impulse  responses  were  developed  which 
demonstrated  good  correlation  with  the 
measured  responses  when  50%  modal  power 
coupling  at  the  splices  was  assumed.  Eleven 
additional  fibers  were  spliced  to  the  3-fiber 
segment,  bandwidth  being  measured  as  each 
additional  fiber  was  added.  Measured  band¬ 
width  showed  a  linear  length  dependence  out 
to  about  S  km.  Bandwidth  calculated  from  the 
twin-peaked  Gaussian  model  of  the  fiber 
transfer  function  also  exhibited  linear 
length  dependence  when  50%  mode  coupling  at 
splices  was  assumed.  However,  when  a  single 
Gaussian  pulse  was  used  to  model  the  impulse 
response  the  bandwidth  varied  approximately 
a 8  L^*8  50%  mode  coupling.  Since  this 

agreed  with  results  reported  by  Suzuki  and 
colleagues^,  it  was  concluded  that  an  assumption 
of  at  least  50%  mode  coupling  at  splices  is 
not  unreasonable.  Furthermore,  this  appears 
to  be  in  agreement  with  the  results  obtained 
by  Holmes  wherein  very  good  correlation  was 
obtained  between  computed  and  measured 
results  when  a  coupling  factor  of  0.5  was 
assumed. 

Lowe  and  colleagues^  investigated  the  effect 
of  splicing  a  fiber  with  low  bandwidth  into  a 
link  with  four  other  fibers  having  much  higher 
bandwidth.  The  fibers  were  2.0  km  long  and 
measurements  were  made  at  1300  nm.  It  was 
shown  that  the  overall  frequency  response  was 
virtually  independent  of  the  position  of  the 
low  bandwidth  fiber  in  the  link,  Iwt  that  the 
system  bandwidth  decreased  drastically  at  the 
point  of  insertion  of  the  high  dispersion 
fiber.  The  additional  fibers  spliced  beyond 
this  point  had  negligible  influence  on  the 
system  bandwidth.  Most  Interesting,  however, 
was  the  fact  that  the  end-to-end  frequency 
response,  at  least  out  to  the  frequency 
corresponding  to  the  3  dB  bandwidth,  was  pre¬ 


dicted  with  reasonable  accuracy  by  decibel 
addition  of  the  frequency  responses  of  the 
individual  fibers.  This,  by  far,  is  the 
simplest  and  most  useful  means  of  determining 
system  frequency  response  from  measurements 
on  individual  fibers,  assuming  it  can  be 
shown  to  be  a  valid  approach  in  the  general 
case.  It  was  stated  that  the  fibers  used  in 
this  investigation  had  similar  index  profile 
characteris tics ;  therefore,  modal  delay  com¬ 
pensation  may  have  been  negligible.  The 
average  measured  bandwidth  for  the  five  indi¬ 
vidual  fibers  was  464  MHz  and  the. average 
bandwidth  measured  on  the  concatenated 
lengths  was  108  MHz.  Assuming  two  kilometer 
individual  lengths  this  corresponds  to  a  y- 
f actor  of  0.93  which  is  in  good  agreement 
with  the  results  published  by  Ohashi^.  The 
calculated  bandwidth  using  dB  addition  was 
119  MHz,  corresponding  to  a  y-factor  of  0.89. 

Experimental  Results 

The  results  reported  herein  were  obtained 
from  measurements  made  on  6-fiber  cables  of 
the  filled,  loose-tube,  helically-laid  design 
with  an  effective  fiber  bending  radius  of 
10.5  cm.  The  fibers  were  optimized  for 
transmission  in  the  820  to  880  nm  band. 
Measurements  were  made  at  850  nm  using  stan¬ 
dard  launch  conditions.  A  mode  scrambler  was 
employed  to  establish  steady  state  launch 
conditions  for  both  the  time  domain  and  fre¬ 
quency  domain  measurements. 

A  2126  meter  length  was  cut  into  two  lengths 
of  1049  and  1077  meters.  Bandwidths  were 
measured  on  the  individual  fibers  using  the 
time  domain  measurement  procedure.  The 
cables  were  respliced  and  the  bandwidth 
measurements  repeated.  Results  are  shown  in 
Table  I. 

Table  I 

Bandwidth  in  MHz 
850  nm 


Measured  Calculated 


Fiber 

1049t 

1077m 

2126m* 

2126m** 

2126m*** 

I 

1 

650 

860 

328 

363 

378 

1.05 

2 

842 

862 

440 

451 

426 

0.92 

3 

668 

806 

377 

387 

369 

0.94 

4 

666 

778 

337 

407 

361 

0.84 

5 

784 

767 

333 

374 

388 

1.05 

6 

743 

551 

279 

326 

32  3 

0.99 

♦Initial  measurement;  **spli ced  measurement 
***  y  =  1.0  assumed. 

It  is  seen  that  the  bandwidths  for  the 
spliced  length  exceeded  those  for  the  origi¬ 
nal  length  in  every  case.  Although  the 
average  percent  increase  (11%)  is  in  close 
agreement  with  the  results  reported  by 
0ha9hil0,  the  variation  among  the  six  fibers 
is  quite  large  (2.5  to  22%;.  The  expected 
bandwidths  assuming  y  =1.0  were  calculated 
and  also  are  shown  in  Table  T,  along  with  the 


International  Wire  &  Cable  Symposium  Proceedings  1982 


447 


Magnitude  CdB] 


values  of  y  required  Co  yield  the  measured 
results.  The  measured  transfer  functions 
were  compared  to  a  Gaussian  curve  passing 
through  the  3  dBQ  frequency  point  as  shown 
in  Figure  1.  The  Gaussian  approximation 
generally  underestimated  the  magnitude  of  the 
transfer  function  at  frequencies  below  that 
corresponding  to  the  3  dB0  point  as  shown  by 
curves  A. 

i  i  I  r  .lit  ■  .  »' t-*r  l  imh  t  ion 


Figure  1.  Transfer  Function  and  Gaussian 
Approximation.  A.  Fiber  No.  1*  1049  m; 
B.  Four-fiber  concatenation,  4196  m 


—  —  Before  Cut 

—  —  -  Summed 

Spliced 


Figure  2.  Measured  vs.  Calculated 
Transfer  Functions.  Fiber  No.  3 


An  attempt  was  made  to  predict  the  frequency 
responses  of  the  respliced  fibers  using 
point-by-point  addition  of  the  individual 
frequency  responses.  The  measured  3  dBc 
bandwidths  differed  from  the  calculated 
values  by  amounts  ranging  from  12%  to  36%, 
the  computed  result  being  an  overestimate  in 
each  case. 

Figure  2  shows  typical  results  obtained  on 
fiber  number  3  which  exhibited  21%  difference 
between  measured  and  computed  values.  The 
responses  for  the  computed  curves  were  within 
one  dB  of  the  measured  values  at  the  3  dBQ 
frequency  in  all  cases. 

Five  of  the  fibers  in  the  1049  meter  length 
of  cable  were  fusion  spliced  as  shown  in 
Figure  3. 

650  411  273  188 

_ 1_  x _ 2_  x _ 3_  x _ 4_  x  5 

685  404  279  184 

Figure  3.  Concatenated  Fibers  and 
Measured  Bandwidth  in  MHz 

Results  obtained  from  bandwidth  measurements 
made  on  the  concatenated  lengths  at  850  nm 
using  the  time  domain  technique  are  shown  in 
the  upper  level  of  the  figure.  We  were 
unable  to  obtain  meaningful  bandwidth  results 
beyond  5  km  due  to  limitations  in  the 
measurement  setup;  however,  longer  con¬ 
catenations  were  evaluated  using  the  fre¬ 
quency  domain  measurement  technique. 

Length  dependency  factors  y  were  calculated 
for  each  concatenation  and  are  shown  in  Table 
II.  Calculated  system  bandwidths  based  on 
y  =  1.0  also  are  shown. 

Table  II 

Concatenated  Measurements  -  Time  Domain 

Concatenat ion  Length  (m)  Bandwidth  in  MHz  y_ 

Calc.  Meas* 

y  -  1.0 


1-2 

2098 

373 

411 

.87 

1-3 

3147 

240 

273 

.89 

1-4 

4196 

177 

188 

.96 

The  measured  bandwidths  ranged  from  6  to  14% 
higher  than  those  calculated  using  y  -  1.0 
which  is  in  good  agreement  with  results 
reported  by  Ohashi^.  The  Gaussian  approxi¬ 
mation  to  the  transfer  function  was  excellent 
for  the  four-fiber  concatenat ion  as  indicated 
by  Curves  B  in  Figure  1. 

An  attempt  again  was  made  to  predict  the  fre¬ 
quency  responses  for  the  concatenated  lengths 
using  point-by-point  addition  of  the  lndivi- 
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dual  fiber  responses.  Results  are  shown  in 
Figure  4.  Except  for  the  two-fiber  con¬ 
catenation,  the  results  were  uncorrelated. 


Frequency  (MHz) 


Measured  Calculated 

- 2098  meters  .  2098  meters 

- 3147  meters  - 3147  meters 

- 4198  meters  - 4196  meters 

Figure  4.  Measured  Vs.  Calculated 
Transfer  Functions.  Concatenated  Lengths 

The  spliced  fibers  then  were  cut  back  leaving 
approximately  two  meters  of  fiber  beyond  each 
splice.  Bandwldths  were  again  measured  at 
the  point 8  where  the  fibers  were  cut  and 
results  are  shown  in  the  lower  level  of 
Figure  3.  It  is  seen  that  the  bandwidth 
changes  at  the  splice  were  negligible  except 
for  the  first  splice. 

The  measurement  sequence  described  above  was 
repeated  for  concatenated  lengths  up  to  8448 
meters  using  frequency  domain  measurement 


techniques.  Results  are  summarized  in  Table 
III.  Differences  between  time  domain  and 
frequency  domain  results,  on  those  lengths 
for  which  both  methods  were  employed,  ranged 
from  3  to  7%.  It  Is  again  seen  that  changes 
In  bandwidth  across  the  splices  are 
negligible. 

Calculated  system  bandwldths  using  bandwldths 
measured  on  the  Individual  fibers  in  the  time 
domain  and  an  assumed  Y  *1.0  also  are  shown 
as  well  as  values  of  Y  required  to  yield  the 
results  measured  in  the  f requency . domain. 

Personicklk  showed  that,  as  a  result  of  mode 
coupling,  the  shape  of  the  transfer  function 
of  a  fiber  (or  a  concatenated  length  of 
fibers)  approaches  a  Gaussian  form  when  the 
length  is  sufficiently  long.  Under  these 
conditions  the  3  dB0  bandwidth  can  be  calcu¬ 
lated  from  the  simple  formula, 


\/t^2  -  T^2 

where  and  T2  are  the  widths  in  nanoseconds 
of  the  Gaussian  Input  and  output  pulses  at 
one-half  the  pulse  height  (full-width,  half¬ 
maximum).  The  denominator  in  the  above 
expression  is  the  pulse  dispersion  expressed 
in  nanoseconds  and  is  assumed  to  vary 
linearly . 

Many  industry  specifications  for  fiber  wave¬ 
guide  cables  specify  minimum  bandwidth  as 
determined  by  the  above  relationship.  This, 
however,  is  a  gross  approximation  for  typical 
reel  lengths  (1-2  km).  Figure  5  shows  a  com¬ 
parison  of  bandwldths  determined  as  above  at 
850  ran  on  106  fibers  approximately  1.1  kilo¬ 
meters  long  and  those  obtained  by  Fourier 
transform  techniques  described  in  reference 
7.  The  solid  line  represents  the  above 
formula;  the  dashed  line,  the  least  squares 
fit  to  the  plotted  data.  The  differences 
range  from  -28.0%  to  +29.2%  which  agrees  clo¬ 
sely  with  results  reported  previously  on  a 

Table  III 


Concatenated  Measurements 
Time  Domain  and  Frequency  Domain 

_ Bandwidth  in  MHz _ 

Measured 

Time  Domain  Frequency  Domain 


Concatenation 

Length  (m) 

Before 

Splice 

After 

Splice 

Before 

Splice 

After 

Splice 

Calculated 

Y  -  1.0 

Derived 
Y~f actor 

1-2 

2098 

411 

404 

385 

360 

373 

0.96 

1-3 

3147 

273 

279 

265 

265 

240 

0.91 

1-4 

4196 

188 

184 

200 

205 

177 

0.91 

1-5 

5245 

- 

- 

180 

190 

144 

0.87 

1-6 

6294 

- 

- 

160 

168 

121 

0.85 

1-7 

7371 

- 

- 

120 

125 

106 

0.94 

1-8 

84  48 

- 

- 

95 

- 

96 

1 .00 
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Bandwidth  (MHz) 


r 


small  sample. The  application  of  this  method 
to  reel  lengths  of  cable  should  be  abandoned 
in  favor  of  the  referenced  EIA  method. 


Inverse  Pulee  Diepereion 


Figure  5.  Measured  Bandwidth  Vs. 
Measured  Pulse  Dispersion 

Conclusions 


Although  a  number  of  different  methods  for 
predicting  and/or  optimizing  system  bandwidth 
have  been  suggested,  none  have  yet  been  deve¬ 
loped  to  the  point  where  they  are  simple  to 
apply.  Most  require  measurements  beyond 
those  normally  performed  by  cable  manufac¬ 
turers  to  determine  compliance  with  industry 
specifications;  e.g. ,  differential  mode 
delay,  profile  characterization,  spectral 
bandwidth,  etc.  Some  require  predeter¬ 
mination  of  fiber  positions  within  a  link  to 
obtain  differential  mode  delay  compensation. 
Until  one  or  more  of  these  methods  emerges  as 
superior  and  becomes  commonplace,  the  tech¬ 
nique  based  on  the  use  of  length  dependence 
factors,  Y ,  and  random  positioning  of  fibers 
appears  to  be  the  most  suitable  method.  We 
were  unable  to  consistently  obtain  satisfac¬ 
tory  results  by  using  individual  fiber 
transfer  function  addition. 


give  different  results  for  the  Y  factor. 

Note  also  that  the  effect  of  a  standard 
launch  oust  ultimately  be  related  to  the 
optical  source  excitation  actually  used  in  a 
system  (assuming  that  the  sources  are  not 
preconditioned  to  emit  standard  launch)  if 
these  data  are  to  be  useful  in  the  design  of 
practical  optical  waveguide  transmission 
systems . 

Bandwidth  measurements  using  either  time- 
domain  or  frequency-domain  techniques  should 
be  considered  equally  acceptable.  However, 
the  often-used  method  of  calculating  band¬ 
width  from  measured  pulse  dispersion  assuming 
Gaussian  shaped  waveforms  should  be  abandoned 
except  possibly  for  long  concatenated  systems. 
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PURE-SILICA  CORK  OPTICAL  FIBER  AND  FIBER  CABLE  FOR  RADIATION  FIELDS 
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j  ABSTRACT 

V  sjS 

Using  ’"Co  gamma  ray  and  fast  neutron  flux  from  a 
research  reactor,  in  situ  measurements  oi  radiation- 
induced  optical  attenuation  have  been  conducted  to 
characterize  the  radiation  response  of  pure-silica 
core  fibers  and  doped-silica  core  fibers.  It  has 
h^en  revealed  that  pure-silica  core  fibers  fabric¬ 
ated  by  Modified  Kod-in-Tube  method  have  much  high¬ 
er  radiation  resistivity  than  Ge/P-and  B/F/P-doped- 
silica  core  MCVD  fibers.  Among  the  pure-silica  core 
fibers,  high-OH  content  grade  has  shown  the  highest 
resistivity  in  short  wavelength  region,  whereas  0H- 
free  grade  is  useful  in  long  wavelength  region. 
Radiation  hardening  was  observed  in  the  high-OH  con¬ 
tent  fiber  during  the  test  by  long-term  irradiation 
on  pure-silica  core  fibers.  The  temperature  depend¬ 
ence  of  radiation-induced  attenuation  was  also  ob¬ 
served  ;  .he  higher  the  temperature  of  the  environ¬ 
ment,  the  smaller  the  radiation-induced  attenuation. 
For  application  in  radiation  and  high  voltage 
fields,  an  optical  fiber  cable  of  Che  flame- retard¬ 
ant  non-metallio  type  was  developed.  The  cable 
passed  IEEE-383  flame  test  and  showed  no  degradation 
in  mechanical  strength  after  a  107  rad  irradiation. 


1.  INTRODUCTION 

Technological  improvements  and  the  growth  of 
successful  applications  are  leading  to  expanded  use 
of  fiber  optics  in  all  industries.  Systems  in 
radiation  fields  such  as  atomic  power  plants,  ves¬ 
sels  with  neuclear  power  engine,  or  artificial  sat¬ 
ellites  are  no  exception  where  the  advantageous 
features  of  silica  optical  fibers  are  well  used. 

However,  certain  problems  still  remain  to  be 
solved  for  the  application  of  optical  fibers  to 
such  a  radiation  field.  The  most  serious  problem 
is  that  the  transmission  efficiency  is  deteriorated 
by  exposure  to  radiation.  This  deterioration  is 
compl icatedly  affected  by  various  factors  such  as 
glass  composition,  nature  and  energy  level  of  radia¬ 
tion  source,  ambient  temperature,  wavelength  and 
powe r  of  signal  carrier. 

Influence  of  radiation  on  mechanical  proper¬ 
ties  of  optical  fibers  and  cables  is  another 
problem  to  be  clarified  to  build  reliable  optical 
transmission  systems. 

Included  in  this  paper  first  are  experi¬ 
mental  results  obtained  by  ft0Co  and  fast  neutron 
flux  irradiation  tests  on  several  kinds  of  silica 
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fibers.  Second,  we  describe  the  radiation  response 
of  pure-silica  core  fibers  fabricated  by  Modified 
Rod-in-tube  method^,  in  particular,  their  outstand¬ 
ing  radiation  resistance.  Also  reported  are  test 
results  on  flame-retardant  non-metallic  optical 
fiber  cable  developed  for  use  in  radiation  and  high 
voltage  fields. 


.  .  RADIATION  RESISTANCE  OF 
SILICA  OPTICAL  FIBERS 

Dopants  for  controlling  refractive  index  are 
added  to  the  core  and/or  the  cladding.  Such 
dopants  include  Ge  and  P  usually  employed  to  give  a 
higher  refractive  index  and  B  and  F  for  affording  a 
lower  refractive  index.  In  discussing  the  radia¬ 
tion  resistance  of  silica  optical  fibers,  it  is  im¬ 
portant  first  of  all  to  compare  and  examine  the 
radiation  response  of  fibers  with  different  core 
dopants,  because  the  core  composition  mainly  gov¬ 
erns  the  optical  properties. 

2.1  t>0Co  GAMMA  RAY  IRRADIATION  TEST 

Table  1  lists  the  tested  fibers.  Fiber  l 
fablicated  by  Modified  Rod-in-Tube  method  is  a 
step-index  type  pure-silica  core  fiber  whose  core 
consists  of  synthetic  silica  glass  without  any 
dopants.  Fibers  2  and  3,  fabricated  by  MCVD  method, 
are  both  of  the  graded-index  type  with  different 
dopants.  Fiber  2  contains  B,  F  and  P,  and  Fiber  3 
contains  Ge  and  P. 


No. 

Fabrication 

Method 

Compos i t i on 
of  core  glass 

Re  f  ract i ve 
index  profile 

1 

MHT 

SiUy 

Step 

2 

MCVD 

SiO.'  +  B/K/P 

Graded 

3 

MCVD 

Silt.  .Go/P 

Graded 

Table  1.  Test  optical  fibers 

Figure  1  shows  the  attenuation  induced  at  room 
temperature  by  bflCo  irradiation  and  measured  in 
situ,  and  the  subsequent  recovery.  The  light 
sources  for  the  measurements  were  high-radiance 
light-emitting  diodes  (LED,  A=0.88  vim>.  Marked 
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differences  are  seen  in  Figure  1  in  radiation  re¬ 
sistance  between  the  pure-silica  core  fiber  and  the 
doped-silica  core  fibers.  Fiber  1  not  only  exhi¬ 
bits  much  less  radiation-induced  attenuation  but 
also  recovers  very  rapidly.  This  reveals  that  the 
pure-silica  core  fiber  has  higher  resistance  to 
60Co  irradiation. 


TIME  (Min.) 

Figure  1.  Radiation  response  of  silica  optical 
fibers  during  60Cn  irradiation 

2.2  FAST  NEUTRON  FLUX  IRRADIATION  TEST 

The  fibers  listed  in  Table  1  were  also  tested 
for  attenuation  induced  by  fast  neutron  flux  using 
a  research  reactor  (YAY01,  University  of  Tokyo)  and 
LED’s  (  A*0.88  ym  )  as  the  light  sources.  Figure  2 
shows  the  attenuation  as  measured  in  situ.  The 
flux  density  was  varied  stepwise  by  regulating  the 
reactor  output  as  depicted  in  dotted  lines.  The 
flux  dnsity  of  fast  neutron  was  6X108  n/cm2/sec. 
at  a  reactor  output  of  2  kW.  As  shown  in  Figure  2, 
the  pure-silica  core  fiber  has  the  highest  radia¬ 
tion  resistance  also  to  fast  neutron  flux,  whereas 
there  is  a  noticeable  difference  between  the  two 
types  of  doped-silica  core  fibers.  The  B/F/P-doped- 
silica  core  fiber  suffers  more  attenuation,  presum¬ 
ably  because  dopant  B  has  a  large  absorption  cross- 
section  for  the  neutron.  In  other  words,  optical 
fibers  containing  boron  in  the  core  appear  useful 
as  neutron  sensors. 

Figures  3a  and  3b  show  the  spectral  loss  char¬ 
acteristics  of  th?  pure-silica  core  fiber  (Fiber  1) 
and  the  B/F/P-doped-silica  core  fiber  (Fiber  2). 

The  radiation-induced  attenuation  of  Fiber  1  in¬ 
creased  with  decreasing  wavelength  below  about  l.G 
ym.  As  well  known  in  invest igat ion  of  radiation 
effects  on  silica  glass,  such  behavior  of  induced 
attenuation  is  mainly  due  to  color  centers  produced 


in  the  glass  matrix  by  irradiation,  and  giving  rise 
to  light  absorption  in  the  ultraviolet  wavelength 
region.  On  the  other  hand,  Fiber  2  displays  great 
radiation-induced  attenuation  over  a  wider  spectral 
region. 


Figure  2.  Radiation  response  of  silica  optical 
fibers  during  fast  neutron  flux 
irradiation 


WAVELENGTH  (ym) 

Figure  3a.  Spectral  loss  characteristics  of 
Fiber  i 
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KKACTOK  OUTPUT  (kW) 


WAVELENGTH  (um) 

Figure  3b.  Spectral  loss  characteristics  of 
Fiber  2 


3.  RADIATION  RESPONSE  OF 
PURE-SILICA  CORE  FIBER 

Low-loss,  silica-core  MRT  fibers,  developed 
primarily  for  medium-  or  long-  distance  communica¬ 
tions,  have  also  found  various  other  applications, 
for  example,  to  high-power  laser  guides,  light 
guides  and  image  guides.  Among  silica  glasses  com- 
mercialy  available,  Diasil®,  synthetic  silica  glass 
manufactured  by  Mitsubishi  Metal  Corp.,  was  used 
for  the  cores  of  MRT  fibers  tested,  while  the  clad¬ 
ding  glass  was  prepared  by  the  current  MCVD  method. 

3.1  EFFECT  OF  CORE  GLASS 

Figure  4  shows  the  initial  spectral  loss  char¬ 
acteristics  of  three  types  of  pure-silica  core 
fibers.  Fiber  A,  with  a  core  of  low-OH  content 
(2  ppm  OH)  exhibits  t ransmission  losses  almost 
comparable  to  the  theoretical  loss  characteristics 
of  silica  glass  determined  by  the  Rayleigh  scat¬ 
tering  and  ultraviolet  absorption,  except  an  OH 
absorption  peak  at  a  wavelength  of  0.94  um.  The 
fiber  B  with  a  core  of  high-OH  content  (200  ppm  OH) 
characteristically  has  absorption  peaks  a*-  0.88  um, 
0.72  um  and  0.94  um-  Fiber  C  comprising  core 
glass  produced  in  the  unusual  atmosphere  in  the 
presence  of  an  excess  of  oxygen  characteristically 
has  a  loss  peak  around  0.6  um.  These  three  types 
of  fibers  have  the  same  parameters  (core  diameter/ 
fiber  diameter  *  100  um/150  um,  NA  =  0.18). 

Figure  5  shows  the  attenuation  induced  by  in 
situ  6oCo  irradiation.  LED  light  sources  (,\=0.88 
Um)  were  used  for  the  measurements.  Figure  5 
reveals  that  even  pure-silica  core  fibers  differ 
in  radiation  resistance  owing  to  the  difference 
in  the  core  glass  formula.  Since  Fiber  C  having 
a  loss  peak  at  0.6  um  is  highly  sensitive  to  gamma 
ray  irradiation,  it  is  not  suitable  for  use  in 
radiation  environments.  Fiber  A  and  Fiber  B,  al¬ 
though  different  only  in  OH  content  of  the  core, 
differ  greatly  in  radiation  resistance.  The 


induced  attenuation  of  Fiber  A  gradually  increases 
with  dose,  while  that  of  Fiber  B  initially  increas 
es  greatly  followed  by  a  recovery  and  further  by  a 
gentle  increase.  Thus,  the  curve  of  Fiber  B  indi¬ 
cates  two  transient  modes  of  radiation-induced 
attenuation,  further  showing  that  the  fiber  experi 
ences  both  damage  and  recovery  during  irradiation. 


WAVELENGTH  (Um) 

Figure  4.  Spectral  loss  characteristics  of 

three  types  of  pure-silica  core  fibers 


TIME  (Min.) 

Figure  3.  Radiation  response  of  pure-silica  core 
fibers  during  60Co  irradiation 
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3.2  DOSE  DEPENDENCE 

Figure  6  shows  Che  attenuation  increases  of 
Fibers  A  and  B  by  60Co  irradiation  at  101*,  10s  and 
106  rads.  As  evidently  indicated  in  this  figure. 
Fiber  B  shows  better  radiation  resistance  as  com¬ 
pared  with  Fiber  A,  with  a  remarkable  difference 
in  resistance  between  the  two  fibers  at  a  higher 
dose.  This  difference  can  be  attributed  to  that 
of  recovery/damage  rate.  In  order  to  ascertain 
the  effect  of  the  OH  content,  the  radiation- 
induced  attenuation  was  measured  in  situ  for  high¬ 
er  doses  using  a  60Co  source.  The  test  results 
revealed  that  the  attenuation  increase  in  the 
high-QH  content  fiber  was  only  60  dB/km  for  an 
exposure  of  8.4X107  R,  while  that  of  the  low-OH 
content  fiber  exceeded  100  dB/km  even  for  an  expo¬ 
sure  of  2X107  R. 


Figure  6.  Dose  dependence  of  pure-silica  core 
fibers  in  60Co  irradiation 


NEUTRON  FLUENCE  (n/cm2  xl0,v) 

Figure  7.  Neutron  fluence  dependence  of  pure- 
silica  core  fibers 


A  similar  test  was  conducted  to  investigate 
the  effect  of  OH  radicals  on  fast  neutron  flux 
irradiation.  The  result  is  shown  in  Figure  7, 
which  indicates  a  tendency  similar  to  that  seen  in 
Figure  6.  Unlike  gamma  ray,  neutron  flux  had  been 
expected  to  alter  the  molecular  structure  of  glass 
to  thereby  vary  the  refractive  index,  because  of 
its  direct  interaction  on  the  nucleus.  To  examine 
this,  refractive  index  differences,  An,  were  meas¬ 
ured  on  the  non-irradiated  and  the  irradiated 
(  -10**  n/cm2)  fibers.  There  was  no  significant 
difference  between  the  measured  values. 


3.3  LONG-TERM  RADIATION  EFFECT 

While  we  have  discussed  short-term  induced 
attenuation,  namely  transient  radiation-induced 
attenuation,  as  determined  by  in  situ  measurements, 
now  we  will  discuss  long-term  or  permanent  radia¬ 
tion-induced  attenuation  which  is  important  to 
evaluate  the  availability  of  optical  fiber  for 
practical  use.  For  this  purpose,  long-term  irra¬ 
diation  tests  were  conducted  for  a  year  on  both 
low-OH  fiber  (Fiber  A)  and  high-QH  fiber  (Fiber  B). 
The  fibers  were  irradiated  at  room  temperature 
intermittently  with  60Co,  and  attenuation  was 
measured  twenty-four  hours  after  every  irradiation 
to  eliminate  short-term  recovery  effect.  The  light 
source  was  a  fiber  monochromator  of  0.85  pm  in 
wavelength.  The  output  power  was  as  low  as 
several  nanowatts  so  that  photobleaching  effect 
can  be  neglected.  The  results  are  plotted  in 
Figure  8,  which  shows  a  marked  difference  between 
Fibers  A  and  B.  The  recovery  seen  in  high-OH 
content  Fiber  B  can  be  regarded  as  a  result  of  the 
radiation-induced  hardening  effect  which  was  re¬ 
ported  by  Sigel  et  al.^) 


CUMULATIVE  DOSE  (rads) 

Figure  8.  Permanent  induced-attenuation  vs. 
cumulative  doses 


International  Wire  &  Cable  Symposium  Proceedings  1982 


455 


3.4  TEMPERATURE  DEPENDENCE 

The  radiation  response  of  pure-silica  core 
fibers  is  sensitive  to  the  ambient  temperature. 

The  temperature  dependence  of  in  situ  measured 
radiation-induced  attenuation  of  Fibers  A  and  B  is 
shown  in  Figure  9.  Evidently,  the  higher  the  tem¬ 
perature  of  the  environment,  the  smaller  the  radi- 
at  ion-induced  attenuation  ;  this  can  be  explained 
by  the  geminate  recombination  theory.  According 
to  this  theory,  trapped  electrons  generated  by 
irradiation  are  excited  to  the  conduction  band  by 
thermal  energy  and  become  free  electrons.  These 
electrons  move  freely  in  the  glass  matrix,  and 
necombine  with  positive  holes,  resulting  in  a 
structual  recovery. The  probability  of  the  recom¬ 
bination  of  electrons  and  holes  increases  at  higher 
temperatures.  Thus,  fiber  heating  is  effective 
for  giving  an  improved  radiation  resistivity. 


TEMPERATURE  (°C) 

Figure  9-  Temperature  dependence  of  induced 
attenuation  in  b0Co  irradiatic** 

3.3  RADIATION  RESISTANCE  OF  OH-FKEE  TUkE- 
SILICA  CORE  FIBER 

Second  generation  optical  communication  sys¬ 
tems  using  QH-free  Ge/P-doped  fibers  are  intro¬ 
duced  into  use  with  carrier  wavelengths  in  the 
1.2  -  1.6  pm  region  whore  silica  optical  fibers 
have  more  attractive  transmission  properties. 

These  doped  fibers,  however,  axe  not  suitable  for 
systems  in  radiation  fields.  Therefore  we  have 
developed  OH-free  pure-silica  core  fiber  with  high 
radiation  resistance  for  use  in  the  long  wave¬ 
length  region. 

Figure  10  shows  the  spectral  loss  character¬ 
istics  of  this  type  of  fiber  (core  diameter /f iber 
diameter  =  100  pm/150  pm,  NA  =  0.20).  With  a 
minimized  OH  content,  the  fiber  has  a  minimum  loss 
of  below  1.0  dB/km. 


diodes  as  optical  sources.  The  input  light  power 
values  for  the  fiber  specimens  were  adjusted  to 
almost  the  same  level  (about  4 00  pW).  It  is  seen 
that  the  OH-free  pure-silica  core  fiber  has  excel¬ 
lent  radiation  resistance  in  the  long  wavelength 
region  where  the  transmission  loss  is  also  low. 
Fortunately,  the  wavelength  region  where  the  mini¬ 
mum  transmission  loss  becomes  minimum  coincides 
with  the  region  where  the  minimum  radiation- 
induced  attenuation  is  minimum.  The  newly  devel¬ 
oped  OH-free  pure-silica  core  fiber  is  therefore 
satisfactorily  applicable  to  long-distance  optical 
systems  in  environments  which  are  likely  to  involve 
exposure  to  radiation. 


WAVELENGTH  (pm) 


Figure  10.  Spectral  loss  characteristics  of 
OH-free  pure-silica  core  fiber 
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WAVELENGTH  tpm) 


Figure  11  shows  the  induced  attenuation  at 
0.63  pm,  0.83  pm  and  1.31  pm  of  this  fiber  as 
measured  in  situ  using  a  He-Ne  laser  and  laser 


Figure  11.  Induct'd  attenuations  of  pure-silica 
core  fiber  at  various  laser  wave¬ 
length  in  6<bo  irradiation 
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4.  THE  FLAME-RETARDANT  NON-METALLIC 
OPTICAL  FIBER  CABLE  FOR  RADIATION 
FIELDS 

4.1  FLAME- RETARDANT  NON-METALLIC  OPTICAL 
FIBER  CABLE 

For  applications  in  radiation  and  high  volt¬ 
age  fields  as  in  atomic  power  plants,  we  have 
developed  a  pipe  spacer  type  non-metallic  fiber 
cable  with  a  flame-retardant  PVC  sheath.  The 
cable,  shown  in  Figure  12  in  cross-section,  com¬ 
prises  optical  fibers  having  a  core  diameter  of 
100  urn,  a  fiber  diameter  of  150  um,  and  a  nylon 
jacket  of  0.9  ram  in  diameter.  Each  fiber  is 
protected  with  a  nylon  pipe  spacer  from  lateral 
pressure.  An  FRP  rod  having  a  diameter  of  1.6  mm 
is  employed  as  the  central  strength  member.  The 
flame-retardant  PVC  sheath  used  for  overall  protec¬ 
tion  is  3.5  mm  in  wall  thickness.  Table  2  shows 
the  optical  properties  of  the  fibers  in  completed 
cable,  which  were  found  to  be  free  of  any  degra¬ 
dation  due  to  cable  fabrication. 


mandrel  of  180  ram  in  diameter.  No  damage  was 
found  in  any  specimen. 


Figure  13.  Stress  and  strain  character is t ics  of 
irradiated  and  non-irrad iated  cable 


pipe  spacer 

jacketed  fiber 

fiber  with 
pipe  spacer 

FRP  strength  member 
lapping  tape 
flame  retardant  PVC 


4 .3  FLAME  RETARDANCY  TEST 

The  optical  fiber  cable  given  in  para.  4.1 
was  tested  for  flame  retardancy  according  to  IEEE 
383.  Figure  14  shows  the  cable  under  the  flame 
testing.  The  cable  specimens  were  burnt  for 
twenty  minutes  with  a  ribbon  gas  burner  at  a  flame 
temperature  of  820  C.  The  cable  self-extin¬ 
guished  in  12  minutes  after  the  ignition  of  the 
burner  due  to  the  presence  of  the  thick  flame- 
retardant  PVC  sheath.  Thus  the  cable  was  found 
acceptable  according  to  the  IEEE  383  standard. 


Figure  12.  Cross-section  of  the  non-metallic 
optical  fiber  cable 


OPTICAL  LOSS 

6  dB-DOWN 

BAND  WIDTH 

TEMP. VARIATION 
OF  ATTENUATION 

2.1 

dB/km  at  0.85u® 

28 

MHz  •  km 

+  0.1 

dB/km, -20-60°C 

Table  2.  Optical  properties  of  the 
non-metallic  fiber  cable 


4.2  MECHANICAL  PROPERTIES  OF  IRRADIATED 
CABLE 

Figure  13  shows  the  stress  and  strain  char¬ 
acteristics  of  the  cable  measured  before  and  after 
an  irradiation  (107rads).  No  significant  change 
was  observed.  For  a  bending  test,  specimens  were 
taken  from  the  irradiated  cable  and  bent  through 
♦  180  degrees  repeatedly  five  times  around  a 
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5.  CONCLUSIONS 


Rad iat ion- induced  attenuation  measurements 
were  conducted  on  various  silica  fibers.  Pure- 
silica  core  fibers  had  much  higher  radiation 
resistance  than  doped-silica  core  fibers. 

Hi-h-0M  content  pure-silica  core  fiber  was 
useful  in  the  region  of  short  wavelengths,  whereas 
OH- free  fiber  showed  a  better  radiation  response 
in  the  long  wavelength  region. 

f'or  applications  to  atomic  power  plants,  we 
developed  a  non-metal 1 ic  fiber  cable  with  good 
flame  retardancy. 
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RADIATION  MTS  OF  OPTICAL  SILICA.  FIBER  fit D  KADI  AT  ION  HARD  OPTICAL  TRWSttlSSlUN 
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SUMMARY 

Optical  fiber  is  expected  to  apply  for 
computer  camunication  and  CAM PC  control  systans 
of  JT-60  (Japan  Atomic  Energy  Research  Institute 
TCfcAMAK-60) .  No  electromagnetic  interference 

and  high  speed  transmission  of  electrical  signals 
are  required  for  the  project  control.  Radiation 
hard  optical  fiber  makes  more  wide  applications. 
This  paper  discusses  radiation  effects  on  silica 
fiber  of  graded- index  Ge-P  doped  fiber,  step-index 
borosilicate  cladded  pure  silica  core  fiber  and 
graded- index  borosilicate  fiber. 

These  fibers  ware  exposed  to  X-ray 
radiation,  f-ray  radiation  and  neutron  flux 
radiations.  Step-index  pure  silica  core  fiber 

is  naturally  the  most  radiation  hard  among  than. 

The  fiber  followed  lew  induced  attenuation  window 
in  the  0.9  -  1.1  pm  range. 

Radiation  hard  fiber-optic  link  is 
proposed  by  the  choice  of  step-index  pure  silica 
core  fiber  in  the  0.9  -  1.1  pm  range. 


Table  1.  Initial  characteristics  of  fibers  under 


test 
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2.  Radiation  source  and  method 

Radiation  source  and  method  for  the  test 
are  shown  in  Table  2. 


V 


INTRODUCTION 


Radiation  test  to  silica  fibers  were 
conducted  by  typical  3  sources.  They  are 

silica  fiber  of  graded-index  Ge-P  doped  fiber  (A 
fiber)  known  as  usual  aaimunication  fiber, 
step-index  borosilicate  cladded  jure  silica  core 
fiber  known  as  better  radiation  hard  fiber  (B  fiber) 
and  graded-index  borosilicate  fiber  (C  fiber) . 

Now,  graded-index  borosilicate  fiber  is  chosen  for 
influence  of  boron  dopant  bo  radiation 
characteristics .  These  fibers  were  exposed  to 

X-ray  radiation,  T-ray  radiation  and  neutron  flux 
radiation.  .  „ 

1.  Fibers  under  test 

Initial  characteristics  of  fibers  under 
test  are  shown  in  Table  1.  The  manufacturing 
process  of  these  fibers  is  Vapor-phase  Axial 
Deposition  (VAD)  or  Modified  Chari  cal  Vapor 
Deposition  (MCVD) .  That  is,  graded-index  Ge-P 

doped  silica  fiber  is  made  by  the  former,  step-index 
borosilicate  cladded  pure  silica  core  fiber  and 
graded-index  borosilicate  fiber  are  by  the  latter. 


Table  2.  Radiation  source  and  method 
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3.  Testing  itan 

Transmission  and  mechanical  characteristics 
of  fibers  were  measured  and  the  itans  are  as 
follow. 

(1)  Continuous  fiber  attenuation  measurement  under 
radiation  by  Light  snitting  diode  (LED)  source. 

(2)  Fiber  attenuation  versus  wavelength  before 
and  after  radiation. 

(3)  Infrared  absorption  spectrum  of  glass  rod 
before  and  after  high  T-ray  radiation. 

(4)  Fiber  bandwidth  before  and  after  radiation. 
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Tensile  strength  before  and  after  high  f-ray 
radiation. 

Fiber  induced  attenuation  of  step-index  pure 
silica  core  fiber  under  differently  rated 
f-ray  radiation. 

Fig.l  shews  one  example  of  continuous 
attenuation  measurement  by  LED  source  (1)  and 
Table  3  shews  testing  conditions  of  radiation 
sources . 


(5) 

(6) 


Fadiaticn  dcse 
measurement 


Fig.l  One  example  of  continuous  attenuation 
measurement  by  LED  source 


Table  3  Testing  conditions  of  radiation  sources 
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DATA  OBTAINED 

1.  Continuous  fiber  attenuation  measurement  by  LED 
source. 

Fig. 2  to  Fig. 5  shews  induced  attenuation  of 
fibers  versus  exposure  time  under  radiation. 

Fig. 2  shews  the  characteristics  by  low  X-ray 
radiation  of  80  KeV  energy.  This  means 

remarkable  difference  of  induced  attenuation  and 
the  inclination  on  the  rising  curve  from  A  fiber  to 
B  fiber  or  C  fiber. 

Fig. 3  shews  the  characteristics  by  high 
X-ray  radiation  of  10  MeV  energy.  Different 

induced  attenuation  curve  is  obtained  from  B  and  C 
fiber  oargpared  lew  energy  with  high  energy 
radiation. 

Fig. 4 shews  the  characteristics  under  f-ray 
radiation.  This  means,  compared  with  Fig. 2  and 

Fig. 3,  remarkable  difference  of  induced  attenuation 
curve  because  of  high  radiation  rate.  Therefore 
induced  attenuation  of  B  fiber  was  saturated  after 
5  minute  radiation,  however  that  of  A  fiber  was  not 
saturated  in  case  of  high  f-ray  radiation. 


Fig. 2  Induced  attenuation  under  X-ray  radiation 
of  low  energy 
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Fig. 3  Induced  attenuation  under  X-ray  radiation 
of  high  energy 


Fig. 4  Induced  attenuation  under  f-ray  radiation 


In  addition,  it  was  found  that  recovery 
process  after  radiation  of  A  fiber  is  different 
from  that  of  B  fiber. 

Color  center  having  more  than  2 
differential  disappearance  speed  is  produced  by 
radiation.  Consequently  it  is  assumed  that 

the  number  of  color  center  having  fast  disappearance 
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speed  of  B  or  C  fiber  is  more  than  that  of  A  fiber. 
And  many  number  of  color  center  of  A  fiber  are 
assumed  to  be  produced  because  induced  attenuation 
of  that  was  not  saturated  under  high  radiation. 

Fig.  5  shows  the  characteristics  under 
neutron  flux  radiation.  This  means  induced 

attenuation  of  A  fiber  is  increased  straightly  by 
radiation  and  recovery  speed  of  A  fiber  is  very 
slow  than  that  of  B  or  C  fiber.  In  Fig. 5, 

X-ray  is  followed  with  neutron  flux  radiation, 
however  induced  attenuation  of  C  fiber  is  less  than 
that  in  Fig. 3  notwithstanding  high  X-ray  radiation. 

As  a  result,  it  was  found  that  reaction 
speed  of  color  center  is  greatly  influenced  by 
radiation  energy  in  addition  to  rate  and  dose. 


Time  (min. ) 


Fig. 5  Induced  attenuation  under  neutron  flux 
radiation 

Table  4  shews  induced  attenuation 
followed  by  relative  radiation  dose  of  these  fibers 
by  different  radiation  source  or  energy.  Ihis 

rreans  that  of  any  fiber  is  high  by  X-ray,  neutron 
flux  and  f-ray  source  in  order.  Attenuation 

change  of  A  fiber  is  lew,  hewever  that  of  B  or  C 
fiber  is  decreased  extremely  with  exposure  time 
become  long. 


Table  4  induced  attenuation  followed  by  relative 
radiation  dose 
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2.  Fiber  attenuation  versus  wavelength  before  and 
after  radiation 

Fig. 6  to  Fig. 8  shews  fiber  attenuation 
versus  wavelength  before  and  after  radiation  by 
monocrareter  method.  This  means  that  the 

curve  of  attenuation  versus  wavelength  of  these 
fibers  is  almost  identical  to  any  kind  of  radiation 
source,  furthermore  minimum  attenuation  window  of 
A  fiber  is  in  the  1.0  -  1.2  pm  range  and  that  of  B 
or  C  fiber  is  in  the  0.9  -  1.1  pm  range.  B  fiber 
is  also  the  most  radiation  hard  identical  to  the 
case  of  continuous  attenuation  measurement. 


Wavelength  (urn) 

Fig. 6  Attenuation  versus  wavelength  before  and 
after  X-ray  radiation 


Wavelength  (uml 

Fig. 7  Attenuation  versus  wavelength  before  and 
after  neutron  flux  radiation 
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After 

radiation 


Before 

radiation 


Wavelength  (pm) 

Fig. 8  Attenuation  versus  wavelength  before  and 
after  /-ray  radiation 


Si-0  ion  at  3.2  pm  by  radiation,  in  addition  same 
absorption  spec  trim  be  lew  2.6  pm  of  quartz  rod 
before  and  after  radiation  caused  relatively  lew 
induced  attenuation  by  radiation  frem  very  high 
absorption  of  CH  ions. 


Wavelength  (pm) 


(cm'1)  (cm1)  (crcfS 


Peaked  wavelength  of  absorption  of  these 
fibers  is  at  around  0.72  pm  in  A  fiber,  0.65  pm  in 
B  fiber  and  0.63  pm  in  C  fiber  respectively. 

The  characteristics  involve  that  peaked  wavelength 
of  absorption  shifts  slightly  to  shorter  wavelength 
to  dope  boron  in  fiber  oore. 

These  Fig.  give  that  attenuation  at  long 
wa  >e length  is  increased  extremely  followed  by 
radiation  dose,  the  slope  of  the  characteristics 
is  similar  and  it  shifts  parallel.  Minimum 

attenuation  window  shifts  bo  shorter  wavelength 
followed  by  radiation  dose  increased.  The 

measurement  of  absorption  attestation  of  various 
glass  rods  at  longer  wavelength  indicates  the  cause 
of  induced  attenuation  at  long  wavelength. 

3.  Infrared  absorption  spectrum  of  glass  rods 
before  and  after  high  i-rav  radiation. 

Glass  rods  under  test  are  doped  mother 
rod  of  A  fiber,  synthetic  silica  rod  and  quartz  rod 
respectively,  and  absorption  spectrum  was  measured 
befo.  _•  and  after  high  f-ray  radiation  (1.0«106  Rad/ 
hour  rate,  1.2»10*  Rad  dose).  Doped  mother  red 

became  discolored  to  liqht-brcwn  color,  quartz  rod 
to  pale  purple  and  synthetic  silica  rod  not  to  at 
all.  Infrared  absorption  was  measured 

continuously  by  same  method  of  lapping  both  ends  of 
2  pieces  of  same  length  (5  an)  from  same  rod  before 
and  after  radiation.  Data  obtained  from  these 

rods  is  shown  in  Fig. 9. 

Induced  attenuatipn  in  kilometer  gives 
3000  dB/Km  at  2.6  pm  and  4800  dB/Km  at  3.0  pm  of 
synthetic  silica  rod,  or  2600  dB/Km  at  2.6  pm  and 
4100  dB/Km  at  3.0  pm  of  doped  mother  rod  fran  the 
remainder  of  transmittance  before  fran  after 
radiation.  It  is  assumed  that  induced 

attenuation  at  long  wavelength  caused  to  increase 
absorption  attenuation  fran  elastic  vibration  of 


Fig. 9  Infrared  absorption  spectrum  of  silica  rods 
before  and  after  high  f-ray  radiation 


4.  Fiber  bandwidth  befoer  and  after  radiation 

Fiber  bandwidth  was  measured  by  frequency 
sweeping  method.  Fig. 10  shews  bandwidth 

characteristics  before  and  after  X-ray  radiation. 
This  means  bandwidth  characteristics  is  hardly 
changed  by  radiation.  In  addition,  similar 

effects  have  also  been  observed  under  -ray  or 
neutron  flux  radiation. 

It  is  assumed  that  the  electromagnetic 
wave  of  X-ray  or  -ray  have  effects  to  density  or 
structure  of  glass,  however  bandwidth 
characteristics  is  expected  to  change  by  index 
change  because  neutron  energy  or  flux  influence  on 
density  or  structure  of  glass.  As  a  result, 

this  experimental  neutron  flux  caused  no  change  to 
bandwidth  characteristics. 


X  =  0.83  pun 


Frequency  (MHz) 

Fig. 10  Bandwidth  before  and  after  X-ray  radiation 
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5.  Tensile  strength  before  and  after  high  T~ray 
radiation 

The  span  length  was  300  mm  and  the  pulling 
speed  of  the  test  was  5  mm/min.  Table  5 

shows  breakdown  strength  of  these  fibers  before  and 
after  high  T-ray  radiation.  This  means  no 

difference  of  strength  among  fibers  and  less 
strength  after  than  before  radiation.  However 
it  is  assumed  tensile  strength  of  optical  fiber 
itself  was  hardly  changed  because  all  fibers  were 
broken  at  the  clamp  edge  caused  from  degraded  Nylon 
jacket  by  radiation. 


Table  5  Tensile  strength  before  and  after  high 
1-ray  radiation 
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6.  Fiber  induced  attenuation  of  step-index  pure 
silica  oore  fiber  b/  differently  rated 
3 -rav  radiation. 

The  data  shows  that  step)- index  pure  silica 
oore  fiber  (  B  fiber  )  is  the  most  radiation  hard 
and  induced  attenuation  is  caused  frcm  radiation 
rate  and  dose.  Induced  attenuation  of  B 

fiber  was  measured  by  different  radiation  rate 
under  {'-ray  radiation  for  various  radiation 
environment. 

The  result  is  shewn  in  Fig. 11.  This 
means  the  curve  of  induced  attenuat-  •  >s  different 
by  radiation  rate  and  becomes  to  saturate  when 
radiation  rate  become  higher.  It  is  expected 

induced  attenuation  of  B  fiber  is  below  10  dB/Km 
at  0.85  pm  when  radiation  rate  is  belcw  10  Rad/ 
hour  under  f-ray  radiation  environment. 


PROPOSED  OPTICAL  CABID  FOR  JT-oO  PROJECT 

The  choice  of  optical  fiber  is  decided  ty 
installation  environment.  There  are  usual 

and  radiation  environment  in  JT-60  area.  Flame 
retardant  and  nonmetellic  optical  cable  is  proposed 
for  computer  communication  and  CflMftC  control 
systems  of  JT-60  project  to  superior  reliable 
system.  Furthermore  radiation  hard  optical 

fiber  cable  is  expected  to  apply  for  the  system 
under  radiation  environment.  Flame  retardant 

and  nonnetallic  optical  cable  is  developed  as  shewn 
in  Fig. 12,  Fig. 13  and  Table  6.  Figl2  shows 

cut  view  of  4  fiber  cable.  Fig. 13  shows  cross 

section  of  the  cable. 


Table  6  shows  construction,  transmission 
characteristics  and  mechanical  characteristics. 


Dose  (Rad} 

Fig. 11  Induced  attenuation  of  step-index 

borosilicate  cladded  pure  silica  core 
fiber  by  differently  rated  f-ray  radiation 


Fig. 12  Cut  view  of  flame  retardant  and  nonnetallic 
4  optical  fiber  cable 
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glass  rod. 


Fig. 13  Cross  section  of  the  cable 


3.  Tensile  strength  before  and  after  high  T^ray 
radiation 

Tensile  strength  of  optical  fiber  is 
hardly  changed  under  high  T-ray  radiation. 

Radiation  hard  fiber-optic  link  is 
proposed  by  the  choice  of  step-index  pure  silica 
core  fiber  in  the  0.9  -  1.1  pro  range.  Superior 
radiation  hard  optical  fiber  will  be  developed  by 
making  clear  the  mechanist!  of  radiation  effects. 

Further  support  for  the  development  is 
expected  to  apply  widely  for  nuclear  plant  or 
nuclear  fusion  plant. 


Table  6  Characteristics  of  the  cable 
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CONCLUSION 

Transmission  and  mechanical 
characteristics  have  been  studied  by  3  kinds  of 
silica  fibers  rnder  different  radiation  source  and 
energy.  The  result  gives  following  evidence. 

1.  Continuous  fiber  attenuation  measuranent  by  LED 
source. 

Graded-index  doped  silica  fiber  has 
remarkable  different  curve  of  induced  attenuation 
from  radiation  source  and  many  number  of  color 
center  which  is  produced  than  step-index  pure 
silica  core  fiber  or  graded-index  borosilicate 
fiber.  Color  center  have  more  than  2 

reaction  speed  frcro  recovery  process  after 
radiation. 

2.  Fiber  attenuation  versus  wavelength  before  and 
after  radiation. 

Induced  attenuation  curve  of  these  fibers 
is  identical  each  other  under  any  kind  of 
radiation  and  minium  attenuation  window  of  each 
fiber  is  in  the  0.9  -  1.1  pnj  range.  Boron 

dopant  degrade  slightly  radiation  hard 
characteristics  than  pure  silica.  The 

wavelength  of  minium  attenuation  shifts  to  shorter 
wavelength  followed  by  radiation  dose  increased. 
This  is  caused  by  absorption  attenuation  increased 
at  infrared  frcm  infrared  absorption  spectrin  of 
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DESIGN  AND  TEST  RESULTS  OF  AN  OPTICAL-FIBER  SUBMARINE  CABLE 


1 .  EJIRI  M.  NUNOKAWA  K.  FURUSAWA  1.  NIIRO 


KDD  Research  and  Development  Laboratories 
1-23  Nakameguro  2-chome,Meguroku,Tokyo  153, Japan 


Sumnary 

This  paper  describes  the  design  and  the 
test  results  of  an  experimental  optical-fiber 
submarine  cable.  It  includes  the  outline  of  the 
cable  structure, loss  changes  during  the  cable 
manufacturing  and  chiefly  clarifies  the  mechanical 
behabior  of  the  cable  under  sea  water  pressure. 


Introduction 

*•'4- 

An  optical-fiber  submarine  cable  system 
is  expected  to  realize  the  digital  transmission 
of  higher  capacity  with  more  economical  basis 
compared  with  the  coaxial  submarine  cable  systems 
of  conventional  type.  A  long  haul  transmission  of 
color  television  signals  will  become  possible 
through  a  submarine  cable  system.  It  may  be  said 
that  this  system, together  with  the  satellite 
communications  will  be  the  trunk  line  for 
international  digital  communication  in  the  future. 

Recently, various  optical-fiber  submarine 
cable  structures  ^have  been  proposed  and 
developed  in  several  countries.  An  optical-fiber 
submarine  cable  system  requires  to  have  the  cable 
manufactured  in  a  length  longer  than  several  tens 
of  kilometers  in  continuation  while  containing 
optical-fibers  inside.  It  mu3t  withstand  deep  sea 
water  pressure.  It  should  also  be  capable  of 
being  laid  on  and  recovered  from  a  deep  sea 
bottom.  Further.it  is  also  required  to  have  a 
stable  operation  assured  for  more  than  20  years 
once  it  i3  laid  on  the  sea  bottoms. 

An  optical-fiber  submarine  cable  is  a 
composite  structure  comprising  several  member 
parts.  Therefore.it  is  an  important  work  for 
realizing  an  optical-fiber  submarine  cable  with 
high  reliability  to  clarify  the  mechanical 
properties  of  each  of  the  member  parts. 

This  paper  describes  a  design  of  an 
optical-fiber  submarine  cable  used  for  a  long 
haul  submarine  cable  system  under  the  development 
at  present  a3  well  as  the  test  results  obtained 
by  experimental  cables. 

In  particular,  the  description  is  made 
a3  to  the  results  of  theoretical  and  experimental 
analyses  of  the  hydraulic  pressure  characteristics 
which  are  of  a  particular  importance  for  an 
optical-fiber  submarine  cable. 


Optical- fiber  submarine  cable  design 

The  typical  design  requirements  for  an 
optical-fiber  submarine  cable  for  a  long  haul  deep 
sea  system  aimed  at  the  transoceanic  cable  system 
are  shown  in  Table  1. 

An  optical-fiber  submarine  cable  with 
the  crosa-section  as  shown  in  Fig.1  wa3 
manufactured  as  a  trial  product, and  the 
manufacturability  as  well  as  the  mechanical  and 
optical  characteristics  were  evaluated. 

Optical-fiber  unit  design 

Six  single  mode  optical-fiber3  contained 
at  the  core  of  the  optical-fiber  submarine  cable 
are  stranded  around  a  center  steel  wire  and 
embedded  into  a  soft  silicone  rubber  as  shown  in 
Fig.1  6.  This  structure  is  adopted  for  the 
purpose  of  reducing  microbending  loss  as  small  as 
possible  when  tension, bending, hydraulic  pressure 
and  other  external  forces  are  applied  on  the 
cable. 

Cable  design 

A  small-diameter, thick-walled  aluminum 
pipe  by  assembling  three  pieces  of  wire  whose 
cros3-section  is  fan-shaped  is  used  for 
protecting  the  optical-fibers  from  external 
forces.  It  is  not  stranded  but  only  assembled 
together.  The  outside  diameter  of  the 
optical-fiber  unit  is  selected  somewhat  smaller 
than  the  inside  diameter  of  the  aluminum  pipe. 
However, they  are  partially  making  contact  to  each 
other  and  have  enough  frictions  to  avoid  slippage 
of  the  optical-fiber  unit  from  the  aluminum  pipe 
when  tension  is  applied  on  the  cable.  A  layer  of 
strength  members  made  of  16  high  tensile  strength 
steel  wires  is  stranded  around  the  aluminum  pipe. 
Relatively  long  length  of  lay  is  adopted  for  the 
high  tensile  strength  steel  wires  with  the  aim  of 
restraining  the  untwisted  torque  as  small  as 
possible.  Outside  the  high  tensile  strength 
wires, a  copper  tube  is  formed  around  and  swaged 
in  such  a  way  that  the  aluminum  pipe, the  high 
tensile  strength  wires,  and  the  copper  tube  are 
integrated  together  resulting  in  a  mechanically 
stable  composite  body.  The  aluminum  pipe  and  the 
copper  tube  are  used  as  the  electrical  power 
supply  line  for  the  optical-fiber 
submarine  repeaters.  Lastly, the  polyethylene 
insulator  and  the  jacket  are  extruded  and  the 
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A 


outside  diameter  of  the  cable  is  26  mm0  . 

Hydraulic  pressure  characteristics 
of  the  cable 

Inside  diameter  change  of  aluminum  pipe 


cable  samples  both  of  which  showed  practically 
similar  characteristics.  There  is  a  remarkable 
difference  between  the  inside  diameter  change  at 
the  low  hydraulic  pressure  region  of  about 
600Kg/em2  or  lower  pressure  and  that  at  the 
hydraulic  pressure  region  higher  than  600Kg/cm2. 


An  optical-fiber  submarine  cable  is 
structured  by  the  compound  materials  of  the 
optical-fiber  unit, the  aluminum  pipe, the  high 
tensile  strength  wires,  the  copper  tube, and  the 
polyethylene  insulator.  It  is  important  for 
grasping  the  transmission  characteristics  of  the 
optical-fibers  to  know  how  much  the  inside 
diameter  of  the  aluminum  pipe  contracts  under  the 
hydraulic  pressure. 

When  the  inside  diameter  of  the  aluminum 
pipe  is  decreased  by  hydraulic  pressure, the 
capacitance  between  the  center  steel  wire  and  the 
aluminum  pipe  will  be  changed.  By  measuring  the 
amount  of  such  capacitance  change, we  can  know  the 
change  of  the  inside  diameter  of  the  aluminum 
pipe.  Provided  C  is  the  initial  capacitance 
between  the  aluminum  pipe  and  the  center  steel 
wire  of  the  optical-fiber  unit, and  that  A  C  is 
the  capacitance  change  due  to  hydraulic 
pressure, the  equation  (1)  is  derived. 


4C_  _ 
C  " 


2a  S 

(di*2  6  ) 


E 


(D 


where, 

£  ;  Dielectric  constant  of  fiber-unit 
(3-02) 

d q ;  Outside  diameter  of  center  steel 

wire  of  optical-fiber  unit(O.4Omm0  ) 
dp;  Outside  diameter  of  optical-fiber 
unit  (average  2.76mm  0) 
dp+2^;  Inside  diameter  of  aluminum  pipe 
(2.95mm  <p  ) 

2 (Ao)i  Inside  diameter  change  of  aluminum 
pipe 


The  calculation  result  obtained  by 
substituting  the  values  in  the  equation  (1)  is 
3hown  in  Fig. 2. 

The  hydraulic  pressure  test  equipment  is 
shown  in  Fig. 3.  The  hydraulic  pressure  up  to  1600 
kg/cm2  can  be  imposed  on  the  cable  sample  of  6m 
long. 

The  measuring  accuracy  of  capacitance 
measurement  system  is  le3S  than  0.05pF.  So, a, 
minute  change  of  the  inside  diameter  of  the 
aluminum  pipe  as  small  as  0.23  i)m  can  be  measured. 


Measurement  results  and  discussions 


Hydraulic  pressure  was  applied  on  the 
optical-fiber  submarine  cable  and  the  change  of 
the  inside  diameter  of  the  aluminum  pipe  was 
obtained  by  calculating  the  measurement  results 
of  capacitance  change. 

The  measurement  results  are  shown  in 
Fig. 4.  The  measurements  were  executed  on  two 


Low  hydraulic  pressure  region  The  aluminum 

pipe  is  made  by  assembling  three  pieces  of  wire 
whose  cross-section  is  fan  3haped.  However, the 
deformation  of  the  inside  diameter  of  the  pipe 
when  hydraulic  pressure  below  about  600Kg/cm2 
is  applied  is  practically  the  same  as  the 
characteristics  of  an  perfect  aluminum  pipe  of 
the  same  wall  thickness  and  expressed  by  the 
equation  (2)  within  the  range  of  elasticity 
provided  that  the  longitudinal  fit  surfaces  of 
the  aluminum  pipe  divided  in  three  parts  are 
making  contact  to  each  other. 


u(a)=- 


2P0-K2)  k* 
E  '(ka-1) 


a 


(2) 


where, 

2a  ;  Inside  diameter  of  pipe  (2.95mm  0) 
j/  ;  Poisson'S  ratio  of  pipe  (0.33) 

E  ;  Young's  modulus  of  pipe 
(7300Kg/mm2) 

k  ;  Ratio  of  outside  diameter  to  inside 
diameter  (2.37) 
p  ;  Pressure 

u(a)  ;  Radial  displacement  of  the  inner  wall 
of  pipe 


Plotting  the  calculation  results  of  the 
equation  (2)  in  Fig. 4,  it  is  found  that  the 
measured  values  at  low  hydraulic  pressure  region 
lower  than  600Kg/cm2  make  good  coincidence  with 
the  calculated  values. 

On  the  basis  of  the  results  described 
above, we  may  say  that,  within  the  range  in  which 
the  stress  of  the  aluminium  pipe  is  lower  than 
the  yield  point  of  aluminium,  the  aluminium  pipe 
can  act  as  the  major  resisting  structure  against 
hydraulic  pressure. 


High  hydraulic  pressure  range  At  a  high 

hydraulic  pressure  region  exceeding  the  yield 
point  of  aluminium,  on  the  other  hand,  it  is 
assumed  that  the  high  tensile  strength  wire 
provided  with  the  highest  Young’s  modulus  among 
the  components  of  the  cable  is  making  the  largest 
contribution  to  the  resistibility  against 
hydraulic  pressure.  In  other  words,  the 
conglomerate  of  high  tensile  strength  wires  may 
be  assumed  as  a  hydraulic  pressure  resisting 
cylinder.  When  a  hydraulic  pressure  is  imposed  on 
a  cable,  the  state  of  the  high  tensile  strength 
wires  contacting  to  each  other  changes  and  it  i3 
assumed  that  the  high  tensile  strength  wires 
slightly  move  to  the  direction  of  the  cable 
center.  The  rough  estimation  of  such  displacement 
of  the  high  tensile  strength  wires  toward  the 
cable  center  can  be  done  based  upon  the  contact 
theory  of  Hertz.  Provided  here  that  a  hydraulic 
pressure  q  is  imposed  on  the  external  side  of  the 
high  tensile  strength  wires  as  shown  in  Fig.  5, 
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It  Is  assumed  that  the  initial  line  contact  which 
is  assumed  between  two  adjacent  high  tensile 
strength  wires  will  change  to  the  plane  contact 
when  hydraulic  pressure  is  increased.  In  this 
way,  when  the  contact  area  of  the  high  tensile 
strength  wires  to  each  other  increases  and  the 
distance  between  the  centers  Oj  and  O3  of  the 
high  tensile  strength  wires  is  reduced,  the 
centers  of  the  high  tensile  strength  wires  O2 
and  Oq_shift  respectively  to  O2 '  and  O3 ' 
along’0i02  and  0^0^  on  Fig.  5.  The 
displacement  e  ( =020? ' =0303 1 )  is  obtained 
by  the  equation  (3)  from  their  geometrical 
relation. 

(a  ♦ b  ) j 
~  2b 

On  the  other  hand,  the  decreased 
distance  between  two  high  tensile  strength  wire 
centers,  can  be  approximated  by  the  equation  (4) 
according  to  the  Hertz's  theory.^ 


where, 

Wi2. 15  NXb/E 

X=  (a  +2b  )q  (q  =:8kg/mm2) 

Poisson's  ratio  of  high  tensile 
stregth  wires  (0.3) 

Es;  Young's  modulus  of  high  tensile 
strength  wire  (21000  kg/mm2) 

2b;  Diameter  of  high  tensile  strength 
wires  (1.70  mm  f  ) 

The  equation  (3),  however,  gives  only  an 
approximation  as  to  the  displacement  of  the  high 
tensile  strength  wires.  So,  for  the  purpose  of 
executing  more  precise  calculation,  the 
displacement  e  of  the  tensile  strength  wires  is 
calculated  by  the  non-linear  finite  element 
method**  in  which  the  Coulomb's  Law  of  Friction 
is  applied  on  the  contact  surface  of  the  mesh 
shown  in  Fig.  6.  According  to  the  calculation, 
the  displacement  e  of  the  tensile  strength  wire 
toward  the  cable  center  caused  by  the  hydraulic 
pressure  800  kg/cm2  is  21.5|>m.  This  result  Is 
a  little  less  by  1.9(l«  or  so  than  the  value 
calculated  by  the  simplified  equation  (3). 

The  calculated  results  of  FEM  for  the 
range  of  0  kg/cm2  through  800  kg/cm2  are 
added  on  Fig.  4  by  shifting  the  starting  point  of 
pre33ure  by  800  kg/cm2  or  so  to  the  right.  Fig. 

4  showed  that,  as  to  a  high  hydraulic  pressure 
region  between  about  900  kg/cm2  through  about 
^OOkg/cm2,  the  measurement  results  of  the 
inside  diameter  change  of  the  aluminum  pipe 
coincides  well  with  the  calculated  results  by 
FEM.  As  to  the  result  of  investigation  described 
above,  it  is  found  out  that 

(1)  at  a  low  hydraulic  pressure  region  lower 
than  about  600  kg/cra2,  the  aluminum  pipe  acts 

as  the  major  hydraulic  pressure  resisting 
structure. 

(2)  at  a  high  hydraulic  pressure  region 
higher  than  about  600  kg /cm2  ,  on  the  other 


hand,  the  aluminum  pipe  enters  into  a  plastic 
region. 

(3)  at  a  intermediate  hydraulic  pressure 
region  between  600  kg/cm2  through  1300 
kg/cm2,  the  high  tensile  strength  wires  act  as 
the  major  structure  for  resisting  hydraulic 
pressure . 

(4)  at  a  high  hydraulic  pressure  region 
higher  than  about  1300  kg/cm2, the  high  tensile 
strength  wires  shows  also  a  plastic  region. 

(6)  deformation  of  the  inside  diameter  of  the 
aluminum  pipe  caused  by  hydraulic  pressure  of  800 
kg/cm2  is  about  lOjim  or  less. 

Examples  of  other  test  results 
Cabling  loss 

The  loss  change  of  the  optical  f  s  in 
the  trial  cables  measured  after  each  cabl 
processing  stage  is  shown  in  Fig.  7.  The 
changes  are  within  0.02  dB/km. 

Tensile  characteristics 


Cable  elongation  and  rotation  The  brt 

strength  of  the  trial  cables  was  about  8  tons. 

Fig.  8  shows  the  elongation  and  rotation 
characteristics  of  the  long  length  cable  of  1 22  m. 

According  to  Fig.  8,  the  elongation  of 
the  cable  shows  practically  a  linear  relation 
with  the  tensile  force  up  to  4  tons,  and  the 
cable  is  within  the  elastic  region. 

The  rotation  caused  by  tensile  force,  on 
the  other  hand,  increases  parabolically  with  the 
tensile  force. 

Loss  changes  Fig.  9  shows  an  example  of 

loss  changes  against  the  tensile  force  measured 
by  utilizing  the  long  size  test  piece  of  the 
experimental  cable  of  122  m  long.  The  loss 
measurement  was  made  on  the  overall  fiber  length 
of  about  0.5  km  which  consisted  of  four  122  m 
long  single  mode  fibers  spliced  in  a  loop.  The 
stability  of  the  measuring  instrument  is 
2  radB/5  hours. 9  The  test  results  showed  that 
the  optical  loss  increased  practically  in 
propotion  with  the  tensile  force  with  a  small 
hysteresis.  The  change  of  loss  by  4  ton  tensile 
force  to  the  cable  is  so  small  as  6  mdB/km.  It  is 
assumed  that  this  small  loss  change  is  due  to  the 
cable  structure  in  which  the  optical  fibers  are 
embedded  into  a  soft  silicone  rubber  in  such  a 
way  that  the  microbending  loss  is  difficult  to 
develop. 


Conclusion 


The  design  of  tfie  optical  fiber 
submarine  cable  being  developed  at  present  as 
well  as  the  test  results  executed  on  the  trial 
product  have  been  described.  In  particular,  it 
has  become  clear  by  the  measurement  of 
capacitance  between  the  center  steel  wire  of  the 
optical  fiber  unit  and  the  alminum  pipe  that  the 
behavior  of  deformation  of  the  alminum  pipe  due 
to  hydraulic  pressure  differes  according  to  the 
following  three  hydraulic  pressure  regions;  low 
hydraulic  pressure  region  lower  than  600  kg/cm2 
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where  the  aluminum  pipe  acts  as  the  major 
resisting  structure  against  hydraulic  pressure, 
high  hydraulic  pressure  region  higher  than  1300 
kg/cm^  where  the  high  tensile  strength  wires 
show  a  plastic  deformation,  and  the  intermediate 
region  between  these  two  hydraulic  pressure  where 
the  high  tensile  strength  wires  act  as  the  major 
resisting  structure.  Further,  such  results  well 
agreed  with  the  theoretical  investigation.  It  was 
clarified  that  the  contraction  of  inside  diameter 
of  the  aluminium  pipe  due  to  hydraulic  pressure 
of  800  kg/cm^  was  smaller  than  10jim.  So  that, 
a  contraction  of  aluminium  pipe  will  give  only  a 
small  effect  on  the  transmission  characteristics 
of  optical  fiber. 

It  is  considered  that,  in  the  future,  it 
will  be  necessary  to  promote  the  development  of 
fibers  of  high  strength  and  to  evaluate  the  long 
term  characteristics  with  higher  precision  for 
the  purpose  of  realizing  the  highly  reliable 
optical  fiber  submarine  cable. 
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Table  *  Design  requirements  for 

optical-fiber  submarine  cable 


Items 

Objec'-ves 

Maximum  Sea  Deem 

8,0 OC  m 

Max-mum  Aater  Pfessure 

600  fcg'Cm^ 

Tensie  Strengtn 

>0tOf 

Coble  Modulus 

->  ;  0,nfj 

Sinking  S/eiOCity 

>  i.COO'n.  n 

AiiowObie  Min. mum 
Bending  Rad'us 

<  ;  ^ 

Number  0*  F.tjgrs 

Mo*  6 

Maximum  Power 

Feed  voyage 

DC  Res. stance 

±  6k  v 

<05  H  Hrr 

Optical-Fiber  Unit  I  3  0^ml 
3-Divided  Almmum  Pipe  (70mm) 

High  Tensile  Steel  Strand  (l04mm) 

Copper  Tube  (I  I  4mm) 
Insulation  Polyethylene  (  2 1  mm  1 
jacket  Polyethylene  (26  mm) 

Center  Steel  Wire 

.•S' 

Jacketed  Sinqle  Mode  Fiber  (06mm)  >  " 

V  •§ 

Silicone  Rubber  l  3  Omm)  _ 

{  )  Outer  Oiometer 


.1  Cross-3eotion  of  experimental 

optical-f iber  cable  and  optical-fiber  unit 


-opocitonce  Cnonge  %. 

Fig. 2  Relation  of  capacitance  change  between 
aluminum  pipe  and  center  steel  wire  of 
fiber  unit 


n  ,  t-u*  -ihi: 


Fig.  Out  I  i  nr  of  wat»r  pressure  test  equipment 


No  i  Somp.e 
No  2  Somple 


200  400  600  800  1000  1200  1400  1600 

Hydraulic  Pressure  (kg/cm*) 


Fig.1!  Relation  of  contraction  of  aluminum  pipe 
under  hydraulic  pressure 
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Loss  Vonot tons  <<10 'km) 
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Fig. 5  Schematic  of  contact  of  strand 
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Fig. 8  Typical  elongation  and  notation  of 

experimental  optical-fiber  submarine  cable 
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Fig. 9  Example  of  optical-fiber  loss  changes  vs. 
cable  tensile  strength 


Fig. 7  Fiber  loss  changes  of  field  trial  cables 
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Coble  Rotation  (Turn /km) 
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COMPUTER  CONTROLLED 
OPTICAL  TIME  DOMAIN  REFLECTOMETER 
MONITORING  OF  LIGHTGUIDE  CABLE  INSTALLATIONS 

Arthur  F.  Judy,  Robert  E.  Fangmann 
Michael  J.  Swiderski 


Bell  Laboratories 
2000  Northeast  Expressway 
Norcross,  Georgia  30071 


■  Abstract 

A  computer  controlled  Optical  Time 
Domain  Ref lectometer  was  used  to  monitor 
and  measure  fiber  loss  during  the  first 
Bell  System  installation  of  lightguide 
cable  using  standard  plowing  methods.  The 
tests  showed  that  the  plowing  operation  had 
no  measurable  effect  on  fiber  loss. 


I ntroduct ion 

During  the  first  week  of  June  1981, 
five  lightguide  cables  were  plowed  in  by 
AT&T  Long  Lines  with  Bell  Laboratories' 
assistance.  This  was  the  first  attempt  by 
Beil  System  craft  to  plow  such  cables. 
Special  Optical  Time  Domain  Re f lectometer 
(OTDR)1 tests  verified  that  the  plowing  had 
no  measurable  effect  on  fiber  loss. 

Cable  Installation 

The  five  cables,  totaling  3  km  were 
part  of  Long  Lines'  16  km  Orlando- 
Windermere  FT3  route.  The  cable  was  a 
standard  Bell  System  design  with  six  12- 
fiber  ribbons  enclosed  in  a  crossply 
sheath.^  No  additional  sheath  protection 
was  used. 

The  system  will  initially  operate  at 
the  FT3  rate  (45  Mbit/sec  at  825  nm) .  In 
addition  the  cable  is  capable  of  future 
upgrading  to  the  FT3C  rate  (90  Mbit/sec). 

The  plowing  equipment  (Figure  1)  con¬ 
sisted  of  a  Caterpillar  D8  tractor  and  a 
standard  plow  equipped  with  a  dual  chute 
for  simultaneously  placing  the  lightguide 
cable  and  a  spare  plastic  duct.  A  few  days 
before  the  cable  plowing  operation,  the 
route  was  preplowed  to  disclose  buried 
obstructions  and  check  the  tractor's  trac¬ 
tion.  The  cable  plowing  operation  was 
performed  using  standard  cable  plowing 
methods  and  was  trouble-free. 


PLOWING  fOUIPMtNT 


Test  Equipment  and  Procedure 

The  test  equipment  consisted  of  a 
Western  Electric  1 9 1 A  OTDR  interfaced  to  an 
HP85  computer.  Using  sample  and  holds,  the 
OTDR  averages  the  reflected  signal  from  two 
locations  in  the  fiber.  The  computer  sets 
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the  two  locations,  the  number  of  measure¬ 
ment  repeats  (from  2'  to  2 ‘ *)  and  calcu¬ 
lates  loss  from  the  two  measured  signals. 
This  system  measures  fiber  loss  with  a 
resolution  of  0.01  dB  and  has  a  long  term 
repeatab i 1 i ty  (2  o)  of  0.06  dB.  When  com¬ 
pared  on  one  hundred  sixteen  0.5  km-fibers 
in  the  lab,  OTDR  loss  measurements  at  819 
nm  had  high  correlation  (R=0.97,  o=0.08 
dB/km)  with  transmission  loss  measured  at 
811  m.i  (Figure  2).  In  Orlando  an  OTDR  was 
used  for  measuring  loss  because  it  only 
required  connection  to  one  end  of  the 
cable.  This,  with  its  ability  to  selec¬ 
tively  measure  the  loss  between  any  two 
points  in  a  fiber,  allowed  the  determina¬ 
tion  of  both  the  location  and  magnitude  of 
any  fiber  loss  changes  while  a  cable  was 
being  plowed. 


The  OTDR  was  programmed  to  measure  the 
fiber  loss  of  three  approx imate ly  equal 
length  sections.  These  three  sections 
spanned  the  entire  fiber  length  except  for 
the  very  ends  which  were  obscured  by  the 
end  echoes.  A  sample  of  at  least  24  fibers 
was  measured  in  each  cable  before  plowing. 
During  plowing  four  of  these  fibers  were 
continuously  monitored.  Immediately  after 
plowing,  all  originally  tested  fibers  were 
retested.  The  use  of  the  computer  allowed 
automatic  retesting  (real-time  monitoring) 
of  the  fiber  paths.  The  field  test  mea¬ 
surements  were  automatical ly  stored,  com¬ 
pared  to  initial  data,  and  the  differences 
printed  out  giving  immediate  feedback  on 
the  effects  of  plowing. 

Results 


The  test  equipment  was  located  in  a 
temperature  controlled  van  and  was  con¬ 
nected  to  the  lightguide  cable  by  one  of 
two  fanout/test-ribbon  assemblies  (Figure 
3).  Standard  array  connectors3  were  used 
for  the  cable  connection.  The  two  fanout,' 
test-ribbon  assemblies  were  used  to  permit 
monitoring  of  any  of  the  12  fibers  in  each 
of  two  ribbons.  The  fanouts  provided  quick 
access  to  the  individual  fiber  ends  within 
the  test  van.  The  test  ribbon  served  two 
functions,  it  placed  the  monitored  fibers 
out  beyond  the  test  set  connection  echoes, 
and  provided  a  conveniently  long  lead  from 
the  test  van  to  the  installed  cable  end. 
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FIGURE  I  ORLANDO  WINDERMERE  TEST  ARRANGEMENT 


In  the  five  plowed  cables,  212  fibers 
were  tested,  resulting  in  636  loss  read¬ 
ings.  A  histogram  of  the  changes  in  these 
losses  from  before  to  after  plowing  is 
shown  in  Figure  4.  In  comparison,  the 
inset  in  Figure  4  shows  typical  measurement 
repeatability  which  was  determined  by  re¬ 
testing  65  fibers.  The  two  distributions 
are  essentially  identical.  We  conclude 
that  plowing  caused  no  detectable  fiber 
loss  variations. 
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FIGURE  4 
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PRACTICAL  INSTRUMENTATION  FOR  FIBER  OPTIC  EVALUATION 

PAUL  WENDLAND,  Ph . D . 


PHOTODYNE  INC. 


As  fiber  optic  technology  develops  and 
applications  increase,  greater  attention 
is  centered  on  instrumentation  to 
monitor  characteristics  and  performance 
of  the  individual  components  and  of  the 
system.  In  this  paper  on  fiber  optic 
instrumentation,  special  emphasis  is 
given  to  the  needs  for  instrumentation 
to  be  used  under  typical  "field" 
conditions . ^ 


OUTLINE 

I.  OPTICAL  FIBER  COMMUNICATION 
SYSTEMS 

II.  OPTICAL  POWER  MEASUREMENTS 

III.  FIBER  ATTENUATION  (LOSS) 
MEASUREMENTS 

IV.  FAULT  LOCATION 

V.  OPTICAL  PULSE  DISPERSION 

VI.  SYSTEM  MODELING 


I .  OPTICAL  FIBER  COMMUNICATION  SYSTEMS 

Optical  fibers  have  a  number  of  excel¬ 
lent  transmission  characteristics: 

1.  Large  bandwith  (1  and  100  GHZ, 
respectively,  for  multimode  and 
single-mode  fibers  over  1km) 

2.  Low  loss  over  a  wide  range  of 
wavelengths  (less  than  ldB/km, 
corresponding  to  a  25%  loss  per 
km) 

3.  Flexibility 

4.  Small  size  ( s  cladded  glass  fiber 
has  a  diameter  of  about  lOOum  and 
a  total  diameter,  inclusive  of 
the  plastic  coatings,  of  l-2mm) 


5.  Low  weight 

6.  No  electromagnetic  interference 

7.  Small  crosstalk  and  high  security 

8.  Natural  abundance  of  glass  materials, 

especially  those  containing  a  high 

concentration  of  silica 

9.  High  resistance  to  chemical  attack 

and  temperature  variations 

In  these  fiber  optic  transmission  systems, 
conversions  between  electrical  and  optical 
signals  are  accomplished  by  light-source 
devices,  such  as  semiconductor  LDs  (laser 
diodes)  and  LEDs  ( 1 ight-emitting  diodes), 
and  by  photodetectors,  such  as  APD3 
(avalanche  photodiodes)  and  Pin-PDs  (Pin 
photodiodes) .  The  intensity-modulated 
signals  are  transmitted  via  optical 
fibers. 

Optical  fibers  can  be  classified  as 
silica  glass,  multi-component  glass, 
plastic,  and  other  optical  fibers.  Silica 
fibers  are  predominant  in  long-haul, 
large-capacity  transmission,  utilizing 
their  low-loss  characteristics  to  the 
absolute  maximum.  Plastic  optical  fibers 
are  used  for  very  short-haul  transmission 
because  of  their  low  cost  and  ease  of 
handling. 

As  shown  in  Figure  1,  an  optical 
fiber  communications  system  consists  of 
terminal  equipment,  terminal  repeaters 
(electrical/optical  transducers) ,  and 
optical  fibers.  The  terminal  equipment 
has  exactly  the  same  measured  parameters 
as  conventional  coaxial  cables.  There¬ 
fore,  the  electrical/optical  transducers 
and  optical  fibers  are  the  items  to  be 
measured  by  optical  communications 
measuring  instruments. 
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Optical  Fiber 


Figure  1.  Optical  Fiber  Communications  System  Diagram. 


IX.  OPTICAL  POWER  MEASUREMENTS 

The  information  transmitted  through  a 
fiber  optic  (FO)  system  is  carried  by  a 
beam  of  light.  This  beam  of  light  can  be 
described  as  a  group  of  photons  carrying 
power  from  one  point  to  another.  Optical 
power  measurements  are  thus  basic  to 
fiber  optics.  The  following  measurements 
are  typical  of  FO  systems: 

.  Absolute  radiant  power  output  of 
the  source,  which  is  as  important  to 
fiber  optics  as  absolute  current  and 
voltage  are  to  electronics.  If  an 
optical  source  delivers  significantly 
less  than  its  rated  output,  lowering  the 
total  dB-loss  of  a  system's  passive 
components  will  not  always  compensate 
for  the  weak  input. 

.  Fiber  power  loss,  which  depends  on 
the  fiber  length  and  on  the  angle  of 
launch;  measurement  of  fiber  loss  can 
be  difficult. 

.  Connector  and  splice  losses,  which 
involve  specifications  of  both  the  light 
coupled  into  a  fiber's  core  and  the 
light  coupled  into  its  cladding;  fiber 
specs  are  usually  for  light  coupled  into 
the  core  only.  The  surest  resolution  to 
this  inconsistency  is  to  measure  the 
optical  power  into  and  out  of  the  con¬ 
nector  or  splice. 

.  Receiver  sensitivity.  Whether  or 
not  the  system  photodetectors  provide 
gain,  they  convert  incident  light  into 
electrical  current.  Measuring  the 
efficiency  of  the  conversion— or 
responsivity — requires  an  optical-power 
meter  and  an  ammeter. 

It  is  most  convenient  to  measure  all 
these  variables  directly  in  decibels 
(dB)--the  standard  communications  unit. 
When  expressed  in  dB,  system  gains  and 
losses  can  be  easily  perceived  and 
quickly  evaluated. 


compressing  power  measurement  data  that 
has  a  wide  dynamic  range.  These  units 
are  commonly  used  in  fiber  optic 
measurement.  Table  1  givus  the  defini¬ 
tions  of  decibel  units  and  gives  a 
conversion  table  between  dBm  and  mW. 

TABLE  I  CLARIFICATION  OF  OPTICAL  dB  UNITS 

Measurements  of  optical  radiation  power  are  ex¬ 
pressed  m  watts.  Decibel  (dB)  power  is: 

rP  1 
dB  *  10  log  Via- 

t  P  ref  J 

where  Psig  is  the  power  to  be  measured  and  Pre(  is  the 
reference  power. 

For  1  -mW  reference  power 

-p 

dBm  ;  10  log 

i_  ImW 

For  ’ W  reference  power 

rP  1 

dBp  10  log  ,S,I)  I 

LVwj 

With  both  Pstg  and  Pfe,  variable,  the  d8 -power  formula 
expresses  the  log  ratio  of  the  two  unknowns  in  dB. 
Light-power  loss  of  an  optical  dara-lmk  element  »$: 


The  input  power  (Pin  I  and  output  power  (P  0  I  of  a 
component  can  be  measured  in  dBm  units.  dBp  units, 
or  dB  units  without  a  known  reference.  The  loss,  L. 
expressed  in  decibels,  is  the  same 

L  (dB)  =  dBm  (Pc  )  -  dBm  (P,n  ) 

=  dBp  (PQ  )— dBp  (P,n  ) 


V'W  to  dBm  conversion 
(dBm) 


y>  «r.  k-  Tv 


(~W) 


Decibel  units  are  the  logarithmic 
transformations  of  the  basic  optical 
power  unit,  watts,  and  submultiples  of 
watts.  Decibel  units  are  useful  in 
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Silicon  photodiodes  are  most  often 
used  as  the  basic  sensor  for  optical  power 
measurements  as  wavelengths  ranging  from 
400nm  to  lOOOnm.  A  one  square  centimeter 
silicon  photodiode  has  a  typical  dynamic 
range  from  one  picowatt  to  one  milliwatt. 
Today’s  silicon  detectors  appear  to  per¬ 
form  near  the  natural  dynamic  limits  that 
their  basic  band  structure  allows. 

Many  junction  structures  are  possible 
and  have  been  tested,  but  three  are 
almost  exclusively  used  in  fiber  optic 
instrumentation.  These  are  PIN,  PN  and 
APD  (avalanche  photodiode) .  The  APD 
version  costs  more  than  the  other  two 
types,  and  is  employed  most  of- ten  for 
high-speed  applications.  The  APD  is  not 
intrinsically  faster  than  the  PIN  type, 
since  electron-hole  pairs  in  silicon 
reach  a  limiting  electric  field  induced 
velocity  long  before  they  reach  avalanche, 
but  the  gain  produced  in  the  avalanche 
process  makes  the  signal  much  easier  to 
extract . 

Germanium  photodiodes  have  been 
widely  used  for  optical  power  measure¬ 
ments  from  lOOOnm  to  1800nn\.  It  seems 
that  commercially  available  devices  have 
not  yet  reached  the  natural  low  light 
level  detection  limits  established  by 
electron-hole  pair  thermal  excitation 
across  the  band  gap. 

InGaAs  photodiodes  are  now  being 
marketed  for  the  lOOOnm  to  1800nm  band 
which  exhibit  lower  dark  leakage  cur¬ 
rents  than  germanium  types.  They  cost 
much  more  than  germanium  types,  and  are 
only  available  with  small  active  area 
(typically  0 . 5mm) . 

Figure  2  shows  a  typical  measurement 
geometry  for  fiber  optics.  Large  area 
photodiodes  allow  easy  coupling  with  high 
mechanical  dimensional  tolerances.  The 
large  collecting  numerical  aperture  of 
this  configuration  prevents  loss  of  light 
during  the  measurement  process.  Beware, 
however,  of  power  density  limits  of  the 
detector . 

Figure  2.  Largo 
Area  photodiode 
sensors  yield 
collecting  numer¬ 
ical  apertures 
above  .5. 


Figure  3  shows  the  light  spot  formed 
on  the  detector  surface  from  a  fiber  out¬ 
put  end.  The  relationship  between  total 
power  out  of  the  fiber  and  power  density 
on  the  detector  surface  is: 

(/)  Pj  =  P/nt2  (N  A)2 

where:  P,  =  power  density  on  detector 

(mW/mm2 ) 

P  =  output  power  from  fiber  (mW) 

t  =  separation  of  fiber  end  and 
detector  (mW/mm^) 

NA  -  fiber  numerical  aperture 

For  instance,  a  fiber  with  a  NA  of  0.2, 
located  1  mm  from  a  detector  surface,  and 
emitting  100  microwatts  (O.lmW),  would 
produce  a  power  density  on  the  detector 
surface  of  0.8  mW/mi.  Consult  the 
manufacturer's  specifications  for  power 
density  limits.  Specifications  are  often 
exceeded  before  the  power  limit  is  reached 
for  a  fully  illuminated  detector. 


Figure  3.  Beware  power  density  limits 
of  optical  power  sensors. 


Figure  4  is  a  photograph  of  a 
typical  optical  power  meter  for  use  in 
field  or  lab.  The  11XE  employs  a  silicon 
sensor  head,  covers  a  dynamic  range  from 
-80dBm  ti  +2dBm,  and  a  spectral  range 
from  600nm  to  lOOOnm.  The  12XE  employs 
a  germanium  sensor  head,  covers  a 
dynamic  range  from  -60dBm  to  +2dBm,  and 
a  spectral  range  from  -60dBm  to  +20dBm. 
These  pocket  size  instruments  are 
autoranqing  and  autozeroing,  and  have 
only  one  switch  for  off/on  power. 
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Figure  4.  Photograph  of  a  typical 
portable  fiber  optic  power  meter. 


III.  FIBER  ATTENUATION  (LOSS) 
MEASUREMENTS 

Fiber  attenuation  refers  to  the  loss  in 
optical  power  when  the  light  beam  travels 
from  one  point  to  another  point  in  the  FO 
system.  Attenuation  is  typically  defined 
as  ten  times  the  log  of  tt’  ratio  of 
output  power  to  input  power,  and  symbol¬ 
ized  as  dB.  Since  attenuation  in  dB  is  a 
power  ratio,  absolute  units,  sue h  as  dBm 
or  dBu,  are  not  applicable.  The  rela¬ 
tionship  between  power  loss  in  dB  and 
percent  power  loss  is  shown  in  Figure  5. 


Figure  5.  Conversion  between  %  loss  and 
dB  loss . 

Attenuation  per  unit  length  of  an 
optical  fiber  can  conveniently  be 
represented  by  the  cable-loss  factor 
(CLP)  in  dB/km/: 

p  -  p 

CLF  =  ;_i _ lo  ,  (  ') 

L 

where 

=  input  power  in  dB 
Pq  =  output  power  in  dB 
L  =  cable  length  in  km 


The  power  output  of  the  source  is 
quite  different  than  the  effective 
input  power  to  the  fiber.  Loss  mech¬ 
anisms  extract  a  heavy  toll  on  light 
sent  to  the  fiber's  core;  for  example, 
not  all  of  the  source  light  falls  on 
the  core  and  the  launch  angle  may  direct 
some  of  the  light  into  the  fiber  cladding. 

The  cable-substitution  method  can  be 
used  to  find  the  CLF  even  when  the 
launched  power  is  unknown.  The  substi¬ 
tution  method  involves  comparing  the 
power  outputs  of  two  unequal  lengths  of 
otherwise  identical  cables.  For  both 
cables,  the  power  sources,  the  source- 
to-cable  coupling  and  the  unknown  amounts 
of  power  actually  launched  into  the  core 
must  be  identical.  Hence,  the  following 
equation  gives  the  CLF: 

CLF  =  P1  "  P2  ,  (?) 

I. 
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where 

P,  =  power  out  of  cable  1  in  dB 
=  power  out  of  cable  2  in  dB 

L  =  difference  in  cable  lengths  in 
km 

The  cables  should  be  long  enough  so 
that  light  initially  coupled  into  the 
cladding  will  die  out,  ensuring  that  the 
output  powers  measured  come  solely  from 
the  cores.  Alternatively,  light  propa¬ 
gating  in  the  cladding  can  be  "stripped 
out"  by  submersing  the  cable,  for  a  short 
distance  near  the  launching  end,  in  a 
fluid  or  gel  with  a  refractive  index 
that  matches  the  cladding’s  refractive 
index. 

Loss  measurements  can  be  made  on  one 
cable  alone  if  the  cable  can  be  cut. 

The  output  power  level  is  measured  before 
and  after  a  piece  is  cut  from  the  cable. 
The  two  measurements  are  substituted  for 
the  P.  and  P2  values  in  Eq.  2,  to 
determine  the  dB  loss.  The  advantage 
of  this  scheme  is  that  it  does  not 
require  two  separate  but  identical 
cables  and  launching  conditions. 

The  difference  between  the  optical 
power  input  and  the  optical  power  output 
of  a  connector  or  splice  equals  either 
the  connector  loss  or  the  splice  loss. 
Making  measurements  directly  in  dB 
simplifies  the  required  calculations. 

If  the  connector  in  question  is  attached 
to  a  long  cable,  the  CLF  must  be  sub¬ 
tracted  from  the  total  loss  measured 
for  the  connector. 

Different  modes  (paths)  propagating 
in  the  fiber  show  different  loss 
characteristics.  Multimode  optical 
fibers  support  hundreds  of  these  wave¬ 
guide  modes.  A  question  arises  as  to 
what  possible  m  des  should  actually  be 
excited  in  a  fiber  attenuation  measure¬ 
ment.  An  equilibrium  mode  distribution 
(EMD)  in  a  fiber  is  one  the  fiber 
naturally  produces  by  differential 
mode  attenuation,  mixing  and  redistribu¬ 
tion. 

Redistribution  occurs  after  some 
significant  length  that  is  greater  than 
a  mode  coupling  length.  It  is  typically 
greater  than  100  meters.  An  equilibrium 
mode  distribution  (or,  at  least,  a 
reproducible  mode  distribution)  is  the 
desired  result  for  fiber  attenuation 
measurement  setups.  Without  such  a 
distribution,  it  would  be  impossible  to 
obtain  an  attenuation  value,  in  dB/km, 
that  was  independent  of  fiber  length. 


Three  different  techniques  have  been 
used  to  achieve  reproducible  mode  dis¬ 
tributions:  (1)  beam  optics,  (2)  mode 

filters,  and  (3)  long-length  fiber. 
Figure  6  illustrates  these  three 
approaches . 


Figure  6.  Three  different  mode  control 
schemes  for  fiber  attenuation  measurements. 


In  the  beam  optics  approach,  launch 
conditions  are  carefully  controlled  and 
high  loss  modes  (paths)  are  restricted 
from  ever  being  excited.  This  requires 
precise  control  of  launch  spot  diameter 
and  launch  NA.  The  Electronic  Industries 
Association  (EIA)  recommends  a  70/70 
launch.  Only  70+5  percent  of  the 
center  of  the  fiber  core  diameter  should 
be  filled  and  only  70+5  percent  of  the 
fiber  NA  should  be  filled  by  the  launch 
light  beam. 

In  the  mode  filter  approach,  all 
modes  are  initially  excited  by  over¬ 
filling  the  core  in  both  spot  size  and 
NA.  A  "mode  filter"  is  then  used  to 
simulate  the  mode  distribution  at  the  end 
of  a  long  length  of  fiber.  A  typical 
mode  filter,  first  used  by  the  Bell 
Telephone  System,  is  created  by  loosely 
wrapping  five  turns  of  the  fiber  being 
tested  around  a  smooth  steel  mandrel  of 
0.5  inch  diameter.  The  mode  filter 
strips  off  the  power  and  propagates  in  the 
unwanted  high-loss  modes. 

In  the  long-length  fiber  approach, 
unwanted  (high-loss)  modes  are  eliminated 
from  the  measurement  simply  because  they 
do  not  propagate  over  the  full  fiber 
length  in  either  the  reference  fiber  or 
measured  fiber.  Attenuation  is  measured 
in  all  of  these  three  "mode  reproducing" 
setups  using  the  previously  described 
two-point,  or  cutback,  techniques. 


480  International  Wire  &  Cable  Symposium  Proceedings  1982 


IV.  FAULT  LOCATION 


The  advantage  ot  the  beam  optics 
approach  is  precision  mode  control.  The 
disadvantage  is  that  not  every  electrical 
engineer  will  want  to  try  to  place  a  35  un: 
diameter  light  spot  dead  on  the  center  of 
50  am  diameter  fiber  core.  The  advantage 
of  the  mode  filter  is  that  short  liber 
lengths  can  be  used.  The  disadvantage  is 
less  precision  in  selecting  mode  launch¬ 
ing.  The  advantage  of  the  long-length 
fiber  approach  is  simplicity.  The 
disadvantage  is  that  an  LMD  may  only  be 
reached  after  many  kilometers  with  some 
of  the  new  low-loss,  high  quality  fibers. 

Figure  7  is  a  photograph  of  an 
optical  multimeter,  comprising  one  optical 
source,  and  two  matched  receivers.  CLF 
cap.  be  directly  measured  with  this  unit. 


□ 


MOD6l  22K  L 

optical  multimeter 


Figure  7.  <\n  Ootic  Mult  mot’  r  for 

numerous  fiber  optic  measurements. 


The  location  of  faults  and  breaks  within 
an  optical  fiber  cable  is  accomplished 
with  an  Optical  Time  Domain  Ref lectometer . 
An  OTDR  can  be  thought  of  as  a  one- 
uimensional ,  closed  circuit  optical  radar. 
It  has  the  advantage  of  reuuirina  only 
one  end  of  the  optical  fiber  to  be  avail¬ 
able  for  measurements.  A  high  intensity, 
short  duration  liqht  pulse  from  the  source 
is  launched  into  the  fiber,  but  the 
directional  optical  counler  stops  the 
initial  laser  liqht  From  reaching  the 
photodetector .  This  photodetector  only 
records  return  siqnals  (backscattered 
light).  This  backscattered  light  arises 
from  two  principal  sources:  < 1 )  Fresnel 
reflections  at  fjber  ends,  breaks,  and 
connectors;  and  (2)  Rayleiah  scatt  ring 
from  fiber  inhomooeneity .  A  representa¬ 
tional  signal  from  an  OTDR  is  shown  in 
Figure  8.  This  oackscattered  signal 
has  the  form  of  an  exponential  decay. 

The  Rayleiqh  backscattered  signal  levels 
are  typically  30  to  40dB  below  the  Fresnel 
back  reflection  levels  from  a  perfect 
break.  A  perfect  break  (cleave)  produces 
a  four  percent  back  reflection. 


Figure  8.  A  representational  signal 
from  an  OTDR. 


Figure  9  shows  the  block  diagram  of 
a  microcomputer  controlled  OTDR  system 
which  accomplishes  an  active  search  and 
display  of  fiber  discontinuities.  Fiber 
faults  show  up  as  short  time  period  dis¬ 
continuities  in  the  return  signal.  The 
differentiated  return  signal  goes  to  a 
comparator.  The  reference  level  at  which 
the  comparator  passes  the  signal  to  the 
counter  is  set  by  the  microcomputer.  The 
microcomputer  begins  the  counter  sequence 
at  the  same  instant  that  the  laser  pulse 
is  initiated.  The  count  is  stooued  when 
the  return  signal  flows  through  the 
comparator.  The  microcomputer  then  has 
two  pieces  of  data:  (1)  the  comparator 

signal  level,  corresponding  to  the  return 
signal  height:  and  (2)  the  total  count 
from  the  counter,  correspond! na  to 
distance  from  fiber  end  to  defect.  The 
microcomputer  can  find  and  display  a 
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variety  of  defects,  as  long  as  they  are 
separated  by  a  slight  magnitude  difference, 
corresponding  to  different  comparator 
reference  level  settings. 


Figure  9. 


A  block  diagram  of  a  microcomputer  controlled  OTDR. 


Figure  10  is  a  photograph  of  a  field 
portable  OTDR.  This  unit  automatically 
finds  and  displays  the  distance  in  feet 
or  meters  to  defects,  connectors,  breaks, 
and  end  of  cable.  The  relative  sizes  of 
each  of  the  return  reflected  siqnals  from 
discontinuities  in  the  optical  fiber  are 
also  displayed.  The  16-character  LCD 
display  scrolls  through  the  results  of 
the  automatic  measurement  process.  When 
used  with  an  external  scope,  the  loo 
output  provides  a  measure  of  optical 
fiber  attenuation  or  connector  attenuation 
directly  in  dB.  This  unit  has  a  range 
of  20  k  and  25dB  (one  way) . 


Figure  10.  Photoqraph  of  a  field  porta¬ 
ble  OTDR. 


V.  OPTICAL  PULSE  DISPERSION 

Some  optical  modes  (paths)  take  longer 
than  others  to  traverse  a  fiber.  Modes 
simultaneously  launched  by  a  pulse 
source  will  not  all  arrive  at  the  opposite 
end  of  the  fiber  at  the  same  time.  Pulse 
broadening  will  be  observed.  This  pulse 
broadening  depends  on  differential  mode 
delay.  The  effect  is  called  modal  dis¬ 
persion.  Since  the  observed  modal  delay 
depends  on  the  specific  modes  present 
throughout  the  lenqth  of  the  fiber,  the 
observed  delay  will  depend  on  a  variety 
of  conditions:  (1)  the  actual  modes 
launched  by  the  source,  (2)  mode  attenua¬ 
tion,  (3)  mode  mixing.  Thus,  it  is 
difficult  to  extrapolate  modal  delay  from 
one  length  of  fiber  to  another,  or  from 
one  set  of  launch  conditions  to  another. 

In  addition  to  modal  dispersion, 
chromatic  dispersion  is  present. 

Chromatic  dispersion  results  both  from 
material  dispersion  (different  wave¬ 
lengths  propagating  at  different 
effective  velocities),  and  waveguide 
dispersion  of  an  individual  mode.  Modal 
dispersion  (rather  than  chromatic  dis¬ 
persion)  is  usually  the  dominant  effect 
for  multimode  fibers. 

Figure  11  is  a  diagram  for  an 
experimental  setup  to  measure  dispersion. 
The  measurement  is  simply  a  direct 
comparison  of  the  fiber's  output  pulse 
to  its  input  pulse.  The  input  pulse 
must  be  short  (typically  200  ps)  in 
order  to  resolve  minimum  pulse  broadening 
effects. ^  Since  the  source  should  have 
a  very  narrow  spectral  emission  band¬ 
width,  a  laser  operating  in  the  stimulated 
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emission  regime  (l-2nm  linewidth)  is 
required . 


received  and  the  bit-error  rate. 

Figure  12  shows  a  photograph  of  a 
typical  optical  attenuator.  This  unit 
uses  two  independently  rotatinq  dials  to 
vary  attenuation  in  ldB  digital  incre¬ 
ments  from  ldB  to  89dB. 


Figure  11.  Test  setup  to  measure  optical 
pulse  dispersion. 


The  detector  must  be  capable  of 
faithfully  reproducing  both  source  pulse 
and  received  pulse.  This  requires  an  APD 
with  rise  and  decay  time  of  200  ps  or  less. 
There  is  still  no  concensus  on  what 
launchinq  conditions  facilitate  the  best 
prediction  of  bandwith.  EIA  proposals 
suggest  overfilling  the  core  and  N.A.  of 
the  fiber  being  tested.  Short  pulse 
laser  diode  radiation  pattern  outputs 
are  difficult  to  reliably  characteri2e. 

Mode  scramblers  located  between  the  laser 
source  and  the  fiber  being  tested  overfill 
the  core  and  N.A.  One  such  mode  scrambler2 
consists  of  7  nylon  posts  1  cm  in  diameter, 
placed  on  1.3  cm  centers. 


VI.  SYSTEM  MODELING 

In  designing  a  fiber  optic  transmission 
system,  it  is  recognized  that  there  is  a 
relationship  between  the  intelligibility 
of  the  received  signal  and  the  power 
level  of  that  signal.  Also,  there  is  a 
relationship  between  the  original  signal 
and  the  actual  power  received.  Thus,  with 
a  given  power  source  and  detector,  one  can 
optimize  the  bit-rate  times  length  product 
for  a  given  transmission  medium.  As  the 
bit-rate  increases ,  the  relationship  of 
fiber  bandwidth  to  length  becomes  apparent. 
Increased  power  may  be  required  to  main¬ 
tain  the  bit-error  rate  (BER)  at  an 
acceptable  level  at  the  receiver.  Given 
these  relationships,  one  may  roughly 
calculate  the  performance  at  a  few  care¬ 
fully  chosen  experimental  points  in  the 
overall  system  model  and  consider  the 
trade-offs. 

A  variable  optical  attenuator  can  be 
placed  somewhere  in  a  fiber  optic  link. 

This  instrument  can  alter  the  power  level 
received  by  the  detector.  When  applied 
to  analog  fiber  optic  systems  the  noise 
equivalent  input  power  can  be  determined 
by  using  the  attenuator  to  turn  down  the 
input  signal  to  the  receiver  until  this 
signal  equals  the  noise  background.  When 
applied  to  digital  systems,  the  attenuator 
can  again  be  used  to  vary  the  power 


Figure  12.  A  typical  fiber  optic  attenua¬ 
tor  for  system  modeling. 
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